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ABSTRACT 
 
Transcranial direct current stimulation (tDCS) as a means for enhancing learning and 
memory has received a lot of attention in recent times. However, its applicability in a 
wider context has been limited due to lack of replicability across the literature. This may 
likely stem from inter-individual differences such as age, gender, nutrition, stress, brain 
morphology and sleep. Sleep in particular may be a source of inter-individual differences 
in tDCS-effect because of its link to brain plasticity mechanism such as long-term 
potentiation (LTP). The extent to which sleep may account for inter-individual 
differences in tDCS outcomes has not been assessed in the literature. Therefore, the 
central aim of this thesis is to investigate 1) the effect of sleep quality 2) circadian mis-
/alignment 3) prior sleep compared to wake on tDCS-enhanced learning. Findings from 
this thesis suggests that sleep quality does not affect variability in tDCS-effect on 
cognitive performance, while circadian mis/-alignment and prior wakefulness before task 
may modulate tDCS-efficacy. In conclusion, data suggests that tDCS-effect is greater in 
a brain which is in a non-optimal state in terms of circadian misalignment and prolonged 
wake, and in this context, sleep may be responsible for variabilities in tDCS studies. 
These findings have implications for researchers and clinicians using tDCS. Further 
studies are required to fully characterise the findings from this thesis.
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CHAPTER 1 
Theoretical Perspective 
Overview 
Non-invasive brain stimulation (NIBS) techniques such as transcranial direct current 
stimulation (tDCS) are gaining vast popularity among researchers and clinicians, due to 
the variety of modalities and potential benefits. However, there are inconsistencies in 
tDCS outcomes from various studies, and research into variables that can potentially 
modulate the efficacy of tDCS is relatively sparse. One potential modulator of tDCS 
efficacy is sleep, where amount and quality of sleep may influence the neuromodulatory 
effect. This chapter discusses the research background in tDCS and sleep, in order to 
explore the theory that they may exert their biological effect through a common 
mechanism. In addition, this chapter will consider research trends, theoretical and 
empirical limitations in the literature and strategies to address these limitations.  
1.1 Non-Invasive Brain Stimulation  
Non-invasive brain stimulation (NIBS) is the use of electrical or magnetic current to 
stimulate or inhibit target brain regions (Liew, Santarnecchi, Buch, & Cohen, 2014). 
NIBS techniques have traditionally been used for clinical diagnosis (Chen et al., 2008; 
Edwards, Talelli, & Rothwell, 2008), treatment of neuropsychiatric disorders (Floel, 
2014), and for gaining insights into the functions of distinct brain regions. The 
phenomenon of non-pharmacological neuroenhancement has been achieved using two 
popular NIBS techniques known as transcranial magnetic stimulation (TMS) and 
transcranial electric current stimulation (TCS) (Dayan, Censor, Buch, Sandrini, & Cohen, 
2013; Sandrini & Cohen, 2013). However, the phenomenon of non-pharmacological 
neuroenhancement has been achieved using two popular NIBS techniques known as 
transcranial magnetic stimulation (TMS) and transcranial electric current stimulation 
(TCS) (Larriviere & Williams, 2010). TMS makes use of an electromagnetic coil 
enclosed in a plastic device. When electric current is passed through the wire, it generates 
a magnetic field through the brain and can activate specific neuronal populations in a 
relatively focused manner. TCS uses electrode pads to pass a current through the skull 
from one pad to the other, in a less focused way. The advantages of this technique are its 
 18 
 
low cost, flexibility, portability and safety in comparison to TMS. This makes it an 
attractive tool for researchers and clinicians. There are three main types of TCS: 
transcranial random noise stimulation (tRNS), transcranial alternating current stimulation 
(tACS) and transcranial direct current stimulation (tDCS) (Dayan et al., 2013; Sandrini 
& Cohen, 2013).  
1.1.1 Transcranial Direct Current Stimulation (tDCS) 
tDCS is a polarity-specific technique of stimulating a target brain region using a weak, 
constant electric current (1-2 mA) delivered by a battery (Cohen Kadosh, Levy, O'Shea, 
Shea, & Savulescu, 2012; Eggert et al., 2013; Scheldrup et al., 2014; Wu et al., 2014). 
This current is typically passed through two electrodes, an anode (+) and a cathode (-), 
which are placed on the scalp in a location dependent on the area to be stimulated (Figure 
1.1). When the device is switched on, neurons under the anode are subjected to a positive 
charge and become depolarized, reducing the resting membrane potential and making 
them more likely to generate an action potential and fire spontaneously (Dayan et al., 
2013; Scheldrup et al., 2014). In contrast, neurons under the cathode are subjected to a 
negative charge and become hyperpolarized, and are therefore less likely to generate 
action potential or fire spontaneously (Dayan et al., 2013). In the context of 
neuroenhancement, anodal tDCS over the dorsolateral prefrontal cortex (DLPFC) 
(Fregni, Boggio, Nitsche, et al., 2005; Zaehle, Sandmann, Thorne, Jancke, & Herrmann, 
2011) and over the primary motor cortex (M1) (Hummel et al., 2005; Nitsche, 
Schauenburg, et al., 2003) has been shown to improve working memory and motor skill 
learning respectively. Interestingly, repetitive tDCS, which is the application of tDCS 
over multiple sessions, has a long-lasting effect after the stimulus has been removed 
(Boggio, Nunes, et al., 2007; Dockery, Hueckel-Weng, Birbaumer, & Plewnia, 2009; 
Lindenberg, Renga, Zhu, Nair, & Schlaug, 2010). It is therefore a promising therapeutic 
intervention for neurological diseases (Roizenblatt et al., 2007), and repetitive tDCS has 
been applied in treating conditions such as depression (Boggio, Rigonatti, et al., 2008; 
Oliveira et al., 2013; Shiozawa et al., 2014), stroke (Jo et al., 2009), schizophrenia 
(Brunelin et al., 2012; Brunoni, Shiozawa, et al., 2014) and Parkinson’s disease (Doruk, 
Gray, Bravo, Pascual-Leone, & Fregni, 2014; Fregni, Boggio, Santos, et al., 2006). 
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1.1.2 Components of tDCS 
The conventional tDCS design is based on technology developed in the 1960s (Albert, 
1966). tDCS Devices are easy to build (Dubljevic, Saigle, & Racine, 2014), for this 
reason, “do it yourself” (DIY) instructions are readily available on the internet 
(www.diytdcs.com). Also, companies are taking advantages of this technique by creating 
commercially available tDCS devices that are lightweight, portable and programmable 
(Dubljevic et al., 2014). Programmable stand-alone tDCS kits are also available, such as 
the HDCkit (Magstim, Italy), StarStim (Soterix, USA), OASIS Pro (Mind Alive Inc., 
Canada) and Eldith DC Stimulator (Neuroconn, Germany). Even companies such as 
Thyne (www.thync.com) and Foc.us (www.foc.us) that have updated tDCS set-ups, with 
hydrogel electrodes optimised for comfort and are still based on the conventional tDCS 
model, but offer better safety with less chances of heating or irritation for prolonged use.  
This project used the 1 channel NeuroConn DC stimulator manufactured by MagStim 
(Ilmenau, Germany) (Figure 1.1). The device is CE certified (CE 0118) and complies 
with the European Medical Devices Directive (93/42/EEC). It meets the highest safety 
standards, which is achieved both by the components used in the hardware/electrodes, 
and the software which monitors voltage and current to ensure safe use. In addition to the 
stimulator, it is equipped with two 35 cm2, 5 × 7 cm rubber electrodes and electrode 
sponges, which can be attached to 150 cm electrode cables. The device enables researcher 
to adjust TCS parameters such as current (2000 µA max), duration (up to 30 min) and 
frequency (up to 20 Hz), and it has an inbuilt study mode for double-blind protocols, 
which is essential for this thesis. In the study mode, sham and real stimulation can be 
delivered using 5-digit codes which can be setup and randomised prior to the study, 
effectively blinding the researcher to the stimulation type. Furthermore, sham stimulation 
includes an initial “ramp” of current (which then falls to zero), as well as an equivalent 
ramp at the end of stimulation. This effectively ensures that the participant is unaware of 
the stimulation type as it simulates some of the physical sensations of stimulation without 
stimulating the brain. Lastly, it is equipped with continuous electrode impedance 
monitoring which shuts the device down when there is insufficient contact with skin to 
ensure safety. 
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Figure 1.1 | The hand held 1-channel transcranial direct current stimulator manufactured by 
NeuroConn (http://www.neurocaregroup.com/dc-stimulator-neuroconn.html). The device is 
made up of a rechargeable battery which can supply current up to 2000 µA for a duration up 
to 30 min at a frequency of 20 Hz.  
 
1.1.3 Mechanisms of tDCS 
Mechanism of tDCS in Learning and Memory 
Hebb (1949) discovered that when two neurons are in close proximity, excitation of one 
neuron can induce persistent and repeated excitation in the other neurone (Hebb, 1949). 
This spontaneous synchronous firing is characterised by associativity and cooperativity 
(McNaughton, 2003), such that, an increase in the firing rate of one neurone increases 
the firing rate of the other neurone (Hebb, 1949). This phenomenon was later termed 
long-term potentiation (LTP) (Lomo, 2003), and it has been postulated as a likely 
candidate for learning and memory formation in the brain (Tononi & Cirelli, 2006). The 
induction of LTP in the brain depends on N-methyl-D-aspartate (NMDA) receptors, 
which is a glutamatergic receptor, important for synaptic maintenance and memory 
function. Therefore, LTP can perhaps be loosely described as the spontaneous and 
sustained increase in strength of glutamatergic neurones (Bachtiar & Stagg, 2014). If 
LTP occurs in isolation, it will eventually lead to synaptic saturation (Tononi & Cirelli, 
2006), as all neurons become bound ever closer. To counteract LTP, there is also long-
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term depression (LTD), which is an activity dependent reduction in synaptic potentiation 
(Massey & Bashir, 2007). 
One of the proposed mechanisms by which tDCS affects brain function is via NMDA-
dependent LTP/LTD. Evidence for the involvement of NMDA in the tDCS-effect comes 
from pharmacological interventions using NMDA antagonists, such as 
dextromethorphan, carbamazepine and memantine (Liebetanz, Nitsche, Tergau, & 
Paulus, 2002; Nitsche, Fricke, et al., 2003). These studies have shown that NMDA 
antagonists block anodal tDCS effect. Interestingly, carbamazepine has no effect on 
cathodal tDCS, thus suggesting cathodal tDCS may act through a mechanism which 
differs from anodal tDCS (Dayan et al., 2013).  
Neurotransmitter Theory 
Certainly, there is evidence that tDCS is polarity specific, with anodal and cathodal 
stimulation inducing different neurochemical changes within the brain (Nitsche et al., 
2005; Stagg et al., 2014). For instance, Stagg et al. (2009) used magnetic resonance 
spectroscopy (MRS) to demonstrate that anodal tDCS decreases localised GABA levels 
(see Figure 1.2), whereas cathodal tDCS causes a reduction in glutamate (Stagg et al., 
2014; Stagg et al., 2009). GABA, the major CNS inhibitory neurotransmitter is involved 
in LTP in the neocortex (Stagg et al., 2009), thus the activity of GABAergic neurons 
influences learning-related brain activity. Glutamate is the major CNS excitatory 
neurotransmitter and it is also involved in LTP. However, this study demonstrated 
reduced glutamatergic activity, but no concurrent reduction in glutamate levels (Stagg et 
al., 2009). Therefore, this demonstrates that GABA-mediated inhibition is a key 
mechanism of the anodal tDCS-effect, whereas glutamatergic alterations may underline 
the cathodal tDCS-effect. There is also polarity-specific effect on outcome measures, in 
accordance with the differing underlying biology. Anodal stimulation-induced decrease 
in GABA levels have been shown to lead to a significant improvement in motor learning 
(Nitsche, Fricke, et al., 2003; O'Shea et al., 2014; Stagg, Bachtiar, & Johansen-Berg, 
2011), whereas cathodal stimulation induced decrease in glutamatergic activity leads to 
decrease in performance in similar motor learning tasks (Hummel et al., 2005; Hummel 
& Cohen, 2005).  
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Figure 1.2 | Anodal tDCS to the M1 lead to a decrease in M1 GABA levels, but not in Sham. 
No complimentary change in Glx (Glutamate) was observed (Stagg et al., 2009). 
Biochemical Mechanism 
A key mechanism of tDCS is believed to work through a biochemical pathway, with brain 
derived neurotrophic factor (BDNF) encoded by the BDNF gene being the key molecule 
involved in this pathway. BDNF is a neuromodulator, which promotes the growth, 
differentiation and survival of neurones. It is expressed in brain regions involved in 
learning and memory, particularly in the hippocampus, the cerebral cortex and motor 
neurones (Fritsch et al., 2010; Mizuno, Yamada, He, Nakajima, & Nabeshima, 2003). 
BDNF regulates learning and memory through the activation of NMDA receptors, by 
phosphorylation of one of its subunits (Slack, Pezet, McMahon, Thompson, & 
Malcangio, 2004). Fritsch et al. (2011) demonstrated in mice that tDCS induces long-
term synaptic plasticity in vitro, which is accompanied by BDNF secretion. Another 
evidence for the biochemical mechanism of tDCS via BDNF shows that anodal tDCS 
increased mRNA expression of BDNF coupled with increased expression of BDNF 
proteins (Podda et al., 2016). BDNF knockout mice do not express the excitatory effect 
of anodal tDCS and the BDNF val66met polymorphism in humans abolishes the 
beneficial effect of tDCS on learning and memory (Fritsch et al., 2010).  
Link Between Neurotransmitter and Biochemical Mechanisms of tDCS  
There is a link between both the neurotransmitter and biochemical mechanisms of tDCS-
effect on learning and memory. This cooperative interaction occurs through BDNF 
(biochemical) and glutamate (neurotransmitter) which co-regulate each other to modulate 
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the function of NMDA receptors (Chen & Roche, 2007). BDNF increases excitatory 
synaptic transmission by enhancing glutamate release and phosphorylation of NMDA 
receptors subunits. In turn, glutamate increases the transcription and secretion of BDNF, 
which further increases the glutamate release (Chen & Roche, 2007; Martin & 
Finsterwald, 2011).  
The putative mechanisms of tDCS on learning and memory described above forms the 
theoretical basis for the assumptions put forward in this thesis. The assumption that sleep 
is a potential modulator of tDCS enhanced learning is based on the evidence that sleep 
shares similar mechanisms to tDCS described above, which include NMDA-LTP/LTD 
regulation of homeostasis (Tononi and Cirelli, 2006; Stickgold, 2005; Stone et al., 1992), 
and sleep-dependent synaptic growth and strengthening via BDNF (Faraguna et al. 2008). 
The mechanisms of sleep on learning and memory, and the link between sleep and tDCS 
are further discussed in sections 1.43 and 1.6 respectively. For the meantime, the next 
section presents a literature review of tDCS application and highlights the variabilities in 
tDCS outcomes, particularly in learning and memory, which warrants the necessity to 
investigate factors that can modulate tDCS efficacy.  
1.2 Literature Review of tDCS Application 
 
tDCS has been used to study a variety of brain functions, cognitive and physiological 
processes, as well as neurological and psychiatric diseases, with its exact utility 
dependent on the placement of the anode and the cathode. Although, tDCS literature has 
been in existence since the early 1960s, between 2006 and 2013, there has been an 
increase in attention to the topic - evident from a plethora of published academic articles 
(Figure 1.3A) and print media articles (Figure 1.3B) (Dubljevic et al., 2014). Data from 
Dubljevic et al. (2014) suggest that substantial volume of academic literature has focused 
on tDCS application for investigative and therapeutic purposes, while print media articles 
have focused on therapeutic and enhancement uses (Dubljevic et al., 2014). This literature 
review focuses on academic articles that have investigated the cognitive enhancement 
and therapeutic applications of tDCS.   
Depending on the electrode placement of the anode and the cathode, a number of 
cognitive and physiological processes, as well as neurological and psychiatric diseases 
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can be investigated using tDCS (Figure 1.4). A comprehensive review of the application 
of tDCS has previously been published by Yong-il et al., (2015). In brief, most tDCS 
application have centred around cognitive enhancement in healthy subjects and cognitive 
enhancement in neuropsychiatric disorders. tDCS has been applied to assess perception 
and attention, working memory, learning and decision making in healthy subject. 
Depression, schizophrenia and Alzheimer’s disease are among the neuropsychiatric 
disorders that have been investigated using tDCS (Yong-Ii, Aguid, & Nitsche, 2015). 
               
               
Figure 1.3 | Publication trends of tDCS and its application in a) academic articles and b) print 
media articles between 2006 and 2013 (Dubljevic et al., 2014).
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1.2.1 Alteration of Cognitive Functions Using tDCS in Healthy Subjects 
 
 
Figure 1.4 | International 10-20 standard system electrode placements on the scalp.  These 
electrode placements are used to position tDCS electrodes in order to alter different behaviour 
outcomes, in general, using anodal tDCS to improve function and cathodal tDCS to reduce 
function/activity in target area. Adapted from Kryger & William (2011). 
Perception and Attention 
Perception is the identification and interpretation of environmental stimuli via physical 
sensation. Studies investigating the effect of tDCS on perception have focused on 
somatosensory, visual and motor perception (Antal et al., 2008; Antal, Nitsche, & Paulus, 
2001; Grundmann et al., 2011). For somatosensory or pain perception, Antal and 
colleagues observed a decrease in perception to laser-induced pain with cathodal tDCS 
over the contralateral somatosensory cortex (Antal & Paulus, 2008). Grundmann and 
colleagues (2011) found significant increase in cold detection compared to baseline/sham 
conditions, and significant increase in thermal detection compared to baseline but not 
with sham stimulation (Grundmann et al., 2011). Cathodal tDCS to the primary visual 
cortex has been shown to diminish visual perception, while anodal tDCS had no effect 
(Antal et al., 2001). The same group of researchers also investigated the effect of tDCS 
on motion perception using a moving dot paradigm. Anodal tDCS to the visual area V5 
improved motion perception, while cathodal tDCS was only beneficial in the presence of 
random moving objects, in other words noise (Antal et al., 2004). An explanation for this 
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is that cathodal stimulation may enhance focus on the correct object by inhibiting the 
perception of noise. In the case of audio perception, Hemrath et al. (2014) reported a 
decrease in audio perception using rapidly changing auditory cues with anodal tDCS over 
the left or right auditory cortex (T7 or T8). 
Attention is a behavioural and cognitive process which can be described as an active 
process of focussing on specific information in an environment. Perception and attention 
are closely linked, and tDCS also has effects on attention-related mechanisms. tDCS 
studies aimed at investigating attention have targeted the dorsolateral prefrontal cortex 
(DLPFC) and the parietal cortex (PC), which are regions of the brain with prominent role 
in attention mechanisms (Coffman, Clark, & Parasuraman, 2014; Yong-Ii et al., 2015). 
Anodal tDCS to the right DLPFC enhances selective attention bias in a hidden object 
target task (Coffman, Trumbo, & Clark, 2012). In contrast, as would be expected, 
cathodal tDCS to the right DLPFC and PC reduced performance in a change detection 
attention task (Tanoue, Jones, Peterson, & Berryhill, 2013). The studies described above 
suggest that tDCS to an extent is able to modulate perception and attention thus allowing 
us to explore the physiological basis of these behaviours. 
Working Memory 
Working memory can be defined as temporarily stored information that is actively used 
to carry out daily tasks such as cognition, language understanding, learning and analysis 
(Cowan, 2008). The DLPFC is involved in working memory. Anodal tDCS to the left 
DLPFC improved performance in 3-back (Fregni, Boggio, Mansur, et al., 2005) and 2-
back task (Zaehle et al., 2011). Although, only 1 mA stimulation improved performance 
in the 2-back task (Hoy et al., 2013); therefore, suggesting that stimulation intensity may 
influence tDCS-effect. A study has attempted to replicate these findings by using bilateral 
stimulation before taking an n-back task (Sandrini, Fertonani, Cohen, & Miniussi, 2012). 
In a 1-back task, left anodal tDCS diminished performance, while in the 2-back task; an 
increase in performance was obtained. Therefore, in addition to stimulation intensity, it 
seems that tDCS-effect on working memory is dependent on task difficulty. Other factors 
that have been implicated in influencing tDCS outcomes on working memory include, 
current intensity, stimulation timing (online/offline; Ohn et al., 2008), and electrode 
montage (Jacobson et al., 2012). 
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Aside from stimulation parameters, the enhancement of working memory by tDCS shows 
variability in the literature (Mungee, Burger, & Bajbouj, 2016; Hill, Fitzgerald, & Hoy, 
2016; Nilsson, Lebedev & Lövdén, 2015). A meta-analysis by Hill et al. (2016) found 
only partial support of an enhancing effect of tDCS on working memory performance in 
studies using similar stimulation parameters. This result highlights that variabilities in 
tDCS outcomes across the literature may be as a result of inter-individual differences.  
Learning 
As described above, the long-term tDCS-effect is dependent on its ability to induce LTP 
and LTD-like plasticity, which are the physiological basis of learning and memory. For 
this reason, several studies have been conducted in the field of tDCS-enhanced learning, 
most of which have centred on the area of motor, associative verbal and language 
learning.  
tDCS use in motor learning have focused on the primary motor cortex (M1), which is a 
relevant structure involved in the regulation of motor function (Maier et al., 2002). As 
such, anodal stimulation to this area could improve motor learning, and indeed Nitshe et 
al. (2003) have shown that only anodal stimulation to the M1 shows improvement in 
motor skill learning compared to the pre-motor and supplementary motor areas (Nitsche 
et al., 2003). As expected from the general effects of tDCS discussed above, there is a 
polarity specific effect, with anodal tDCS increasing performance, but cathodal tDCS 
having the opposite effect (Foerster et al., 2013; Hummel et al., 2005;  Hummel & Cohen, 
2005; Stagg et al., 2011; Vines, Cerruti, & Schlaug, 2008). In addition, available 
empirical evidence suggest that tDCS-effect is timing of stimulation dependent (Stagg et 
al., 2011). Stagg et al. (2011) reported that anodal tDCS to the M1 during task increased 
performance in an explicit sequence-learning task. In contrast, stimulation before task 
led to a reduction in performance (Stagg et al., 2011). In general, it seems that anodal 
tDCS during task helps motor learning, while anodal stimulation prior to task reduces 
performance. This suggests that the effects of anodal tDCS on motor learning plasticity 
occur by inducing cortical excitability during task performance. 
 28 
 
Anodal tDCS during task performance induces plasticity changes that mean motor gains 
are sustained for. Interestingly, the motor gains obtained from anodal tDCS can be 
sustained for weeks or even months, following repeated stimulation (multiple sessions) 
in combination with motor training (Boggio, Nunes, et al., 2007; Dockery et al., 2009; 
Lindenberg et al., 2010). tDCS has therefore been trialled as a means for enhancing post-
stroke rehabilitation and motor recovery, in order to speed up functional recovery (Cohen 
Kadosh et al., 2012; Stagg et al., 2012). In stroke, the ipsilesional (affected) M1 can be 
upregulated using anodal tDCS while the cathode can be positioned over the 
contralesional (unaffected) M1 to balance interhemispheric inhibition as shown in Table 
1.1 (Boggio, Nunes, et al., 2007; Fregni, Boggio, Mansur, et al., 2005; Fregni, Boggio, 
Valle, et al., 2006; Kim et al., 2010; Lindenberg et al., 2010; Stagg et al., 2012). For these 
interventions, the anodal tDCS is usually positioned over the ipsilesional M1, to increase 
cortical excitability and performance (Hummel et al., 2005; Hummel & Cohen, 2005; 
Hummel & Cohen, 2006; Sohn, Jee, & Kim, 2013). The cathodal tDCS electrode can 
then be placed over contralesional M1 to reduce cortical excitability and balance the 
interhemispheric inhibition (Fregni, Boggio, Valle, et al., 2006), or alternatively, over the 
contralateral supraorbital hemisphere (Lindenberg et al., 2010).  
The beneficial effect of tDCS in motor learning is not consistent across the literature 
(Conley, Fulham, Marquez, Parsons, & Karayanidis, 2016), even in studies using the 
same protocol. For example, in two groups of subjects who received anodal tDCS to the 
M1 and cathodal tDCS to the contralateral orbit for 5 min, one group had an average MEP 
amplitude enhancement of 93.2%, while the other group had 9.2% MEP amplitude 
enhancement (Fricke et al., 2011). Similarly, in two separate studies which had the same 
stimulation parameter (M1 anodal and cathodal to the contralateral orbit for 9 min), a 
42.9% MEP amplitude enhancement was observed in the first study and a 20% MEP 
amplitude enhancement was observed in the second study (Horvath, Forte, & Carter, 
2015). This suggests the potential effect of inter-individual variables on tDCS-enhanced 
learning, in which sleep will be address as a candidate variable in this thesis. 
Although the majority of studies have focused on motor learning, a number of studies 
have also investigated language learning (Floel, Rosser, Michka, Knecht, & Breitenstein, 
2008) and associative verbal learning (de Vries et al., 2010). These both found that anodal 
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tDCS of the Broca's area had a beneficial effect on task performance. Cathodal tDCS of 
the same area had no beneficial effect.   
Taken together, results from the studies highlighted above demonstrate that tDCS has the 
capability to modulate learning processes, most likely due to the changes in LTP-like 
plasticity. This allows researchers to make use of tDCS to understand specific functions 
of areas of the brain involved in learning and memory formation. In addition, the long-
lasting effect of tDCS offers an attractive therapeutic tool in learning or relearning 
previously acquired skills. 
Decision-making and Risk-taking 
Decision-making is a cognitive process that involves selecting an action, belief, or 
product out of several possibilities based on previous experience or values of the decision 
maker. If the decision maker is aware of the risks involved in making a decision and still 
proceeds with it, this is known as risk-taking. The right and left DLPFC are relevant in 
decision-making Table 1.1 (Minati, Grisoli, Franceschetti, et al., 2012; Minati, Grisoli, 
Seth, & Critchley, 2012). For this reason, studies explore decision-making using 
bihemispheric tDCS, that is, anodal tDCS over the right DLPFC and cathodal tDCS over 
the left DLPFC. The choice of this anodal (right DLPFC) and cathodal (left DLPFC) 
combination is due to the evidence from functional imaging studies which have shown 
that the right DLPFC is critical for decision-making (Beauregard, Levesque, & 
Bourgouin, 2001; Ernst et al., 2002). Moreover, this seems particularly true as individuals 
with lesions to the right DLPFC show diminished self-regulation and control (Shallice & 
Burgess, 1991).  
The relationship between stimulation and risk aversion seems to be dependent on the task 
used. In studies that used anodal stimulation of right DLPFC and cathodal stimulation of 
left DLPFC, there have been reports of decreased risk taking (risk decision task, Feteau 
et al., 2007) as well increased confidence (monetary gambling task; Minati et al., 2012). 
Using a different electrode setup, anodal tDCS to the left DLPFC reduced risk taking in 
tasks with an emotional contribution (Pripfl, Neumann, Kohler, & Lamm, 2013). 
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tDCS of the DLPFC has been shown to modulate decision making, in particular, the 
assessment of risk (Fecteau, Knoch, et al., 2007; Minati, Campanha, Critchley, & Boggio, 
2012), but results have so far been variable and require further research. There are a 
number of factors that potentially influence decision making such as age, gender, alcohol 
and drug use (Boggio et al., 2010; Caldon, Walters, & Reed, 2008; Fecteau, Knoch, et 
al., 2007; Pripfl et al., 2013; Reed, Mikels, & Simon, 2008). These factors may potentially 
account for inter-group risk-taking tendencies. In addition, tDCS itself is influenced by a 
number of factors, such as sleep. 
1.2.2 tDCS Application in Neurological and Psychiatric Diseases 
Depression 
The symptoms of major depressive disorder (MDD), a major public health issue (Mowla 
et al., 2008), include poor concentration, cognitive impairment, low mood, loss of 
interest, lethargy, decreased energy, loss of appetite, insomnia and excessive sleepiness. 
Neurological changes underlying MDD include hyperactivity of the limbic regions, 
hypoactivity of the left DLPFC, deficits of LTP-like neuroplasticity and dysregulation of 
cognitive enhancing brain areas are (Vasic, Walter, Sambataro, & Wolf, 2009).  
Giving the fact that tDCS is able to produce LTP-like plasticity, its application to the 
prefrontal cortex to modify cognitive and emotional processes has been a promising 
psychotherapeutic approach in treating depression. Typical electrode placement for the 
treatment of depression involves placing the anode over the right DLPFC, and the cathode 
of over the left supraorbital region (Fregni, Boggio, Nitsche, et al., 2006). There is a great 
deal of research into this area, and the majority of this research uses two methodologies, 
either tDCS as a stand-alone therapy (Boggio, Bermpohl, et al., 2007; Brunoni, Junior, et 
al., 2014; Brunoni, Zanao, et al., 2014; Loo et al., 2012; Oliveira et al., 2013), or it is used 
in combination with cognitive enhancing psychotherapy (Brunoni, Junior, et al., 2014; 
Segrave, Arnold, Hoy, & Fitzgerald, 2014). The case for the use of tDCS as a stand-alone 
therapy is mixed, as one recent meta-analysis reported a beneficial effect (Shiozawa et 
al., 2014), whereas another meta-analysis did not report a compelling benefit of tDCS 
(Berlim, Van den Eynde, & Daskalakis, 2013). Moreover, heterogeneity of reviewed 
studies, small sample size, lack of representative samples and variability in the 
methodology used in these meta-analyses may account for differences in outcomes. 
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However, the use of tDCS in combination with cognitive-enhancing psychotherapy such 
as cognitive control therapy (CCT), improved decrease in cognitive performance 
associated with depression, thus it offers a promising treatment methods for cognitive 
deficit associated with depression. Taken together, available evidence suggest tDCS 
alone does not seem to have a reliable effect on depression symptoms, but when in 
combination with cognitive therapy, it does have an effect on cognition (but not 
depression). Therefore, if it is used during therapies or medications designed to reduce 
depression, it may have more of an impact.  
Schizophrenia 
Schizophrenia is a psychiatric disease characterised by “loss of contact with reality”, 
which presents itself with frequent episodes of hallucination and delusions. Perceptual 
disturbances such as hallucinations are linked with increased activation of the lateral, 
medial and anterior temporal cortex (Whalley et al., 2007), while behavioural and 
cognitive dysfunction are linked to reduced prefrontal cortex activity (Enomoto, Tse, & 
Floresco, 2011). 
Anodal tDCS over the left DLPFC and cathodal tDCS over the left temporoparietal cortex 
decreased auditory verbal hallucinations in schizophrenia patients (Brunelin et al., 2012). 
This beneficial effect was obtained because anodal tDCS increased prefrontal 
hypoactivation, while cathodal tDCS suppressed left temporoparietal activation. Other 
studies have also found a beneficial effect of anodal tDCS over the left DLPFC on 
cognitive performance (Goder et al., 2013; Hoy, Arnold, Emonson, Daskalakis, & 
Fitzgerald, 2014). At present, studies investigating the effect of tDCS on schizophrenia 
symptoms remain relatively sparse; however, available data suggests a positive effect of 
tDCS on both specific core symptoms of schizophrenia as well as cognitive function. 
Alzheimer’s Disease and Mild Cognitive Impairment  
Alzheimer’s disease (AD) is a neurological disease characterised by cognitive 
impairment such as memory and attention deficit, aphasia, apraxia and reduced executive 
function. AD disrupts the ability to lead a normal life (Reitz, Brayne, & Mayeux, 2011). 
In AD, there is a level of decline in acetylcholine which causes decline in alertness, 
motivation and memory function. There is an underlying accumulation of neurofibrillary 
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tangles and β-amyloid plaque in the brain, which leads to atrophy (McKee, Kosik, & 
Kowall, 1991). Mild cognitive impairment (MCI) has similar but less severe cognitive 
impairments and some degree of tangles and amyloid plaque, but not as severe as AD. 
tDCS as an intervention for AD and MCI is targeted at improving the symptoms of these 
conditions, such as attention, perception and cognitive deficits. Visual recognition 
memory has been shown to improve with anodal tDCS to the left DLPFC and temporal 
cortex (Boggio et al., 2009). Similarly, anodal tDCS over the left inferior frontal cortex 
improved semantic word retrieval in MCI patients compared to matched healthy controls 
(Meinzer et al., 2015). In both cases of cathodal or sham stimulation, there was no 
beneficial effect on attention. Long-lasting effects were also observed when tDCS was 
applied bilaterally to the temporal lobes for 5 consecutive days in AD patients. This 
resulted in improved visual recognition memory which lasted for at least 4 weeks after 
stimulation was stopped (Boggio et al., 2012). Although, clinical trials of AD and MCI 
using tDCS as a treatment are relatively sparse, the available empirical data suggests that 
it is a potential therapeutic tool for helping to alleviate some of the symptoms of these 
neurological diseases.
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Table 1.1 | Behavioural and therapeutic application of tDCS with electrode placements and brain 
maps.  Red text and box represent Anode; blue text and box represents Cathode. F: Frontal; P: Parietal, 
Cz: Central; O: Occipital. Even numbers refer to electrode positions on the right hemisphere, odd 
numbers refer to those on the left hemisphere. 
Application Electrode Placement References 
 
Improved mood and 
reduced depression 
 
 
DLPFC (F3) 
Supra Orbital (Fp2) 
 
Boggio, Bermpohl, et al., 2007; 
Boggio et al., 2008; Fregni, 
Boggio, Nitsche, et al., 2006. 
(Boggio, Bermpohl, et al., 2007; 
Boggio, Rigonatti, et al., 2008; 
Fregni, Boggio, Nitsche, et al., 
2006) 
 
Decision making and 
reduced risk taking 
 
 
DLPFC (F4) 
DLPFC (F3) 
 
Fecteau, Knoch, et al., 2007. 
 
(Fecteau, Knoch, et al., 2007) 
 
Reduced craving for 
nicotine, alcohol and 
unhealthy food 
 
 
DLPFC (F3) 
DLPFC (F4) 
 
Boggio, Sultani, et al., 2008; 
Fregni et al., 2008; Gluck et al., 
2015; Jauch-Chara et al., 2014; 
Goldman et al., 2011; Kekic et al., 
2014. 
(Goldman et al., 2011) 
(Boggio, Sultani, et al., 2008; 
Fecteau, Pascual-Leone, et al., 
2007; Fregni et al., 2008) 
 
 
Improved mathematical 
cognition and verbal 
ability 
 
Parietal (P4) 
Parietal (P3) 
 
Kadosh, Soskic, Iuculano, Kanai, 
& Walsh, 2010. 
 
(Kadosh, Soskic, Iuculano, Kanai, 
& Walsh, 2010) 
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Improved visual 
perception  
 
 
Occipital (O1, Oz or O2) 
Nape or CZ 
 
Antal & Paulus, 2008. 
(Antal & Paulus, 2008) 
 
 
Improved motor recovery 
after stroke and enhanced 
motor learning 
 
 
 
 
 
 
 
 
 
Ipsilesional M1 (C4) 
Contralesional M1 (C3) 
 
 
 
 
 
 
 
 
 
Ipsilesional M1 
Contralateral Supra Orbital 
(Fp1) 
 
Boggio, Nunes, et al., 2007; Fregni 
et al., 2005; Kim et al., 2010; 
Lindenberg et al., 2010; Stagg et 
al., 2012. 
 
(Boggio, Nunes, et al., 2007; 
Fregni, Boggio, Mansur, et al., 
2005; D. Y. Kim et al., 2010; 
Lindenberg et al., 2010; Stagg et 
al., 2012) 
 
Hummel et al., 2005; Hummel & 
Cohen, 2005; Hummel & Cohen, 
2006; Sohn, Jee, & Kim, 2013. 
(F. Hummel et al., 2005; F. 
Hummel & Cohen, 2005; F. C. 
Hummel & Cohen, 2006; Sohn et 
al., 2013) 
1.3 Limitations of tDCS 
NIBS is gaining vast popularity among researchers and clinicians. In fact, TMS for 
treatment of medical-resistant depression (Cassels, 2013) and pain (Rodriguez, 2013) has 
already been approved in the US by the Food and Drug Administration (FDA) (Elsner, 
Kugler, Pohl, & Mehrholz, 2013). Similarly, tDCS has been supported by positive 
Cochrane Reports for its application in the treatment of chronic pain during stroke 
recovery (Boldt et al., 2014; Elsner et al., 2013; Elsner, Kugler, Pohl, & Mehrholz, 2014; 
O'Connell NE, 2014). The increased use of NIBS is in part due to desperation as a result 
of failure of pharmacological and invasive interventions. Pharmacological interventions 
have not been successful as expected, with respect to a number of neurological and 
psychiatric diseases. Similarly, invasive procedures are pricy and may come with their 
 35 
 
own problems such as the need for blood donors in case of bleeding, scaring, infection 
and other complications from the procedure. Therefore, it is clear that NIBS, and tDCS 
in particular, will be a popular alternative for treatment of health conditions in the nearest 
future. However, there is a need for caution in the application of tDCS because of a 
number of limitations and grey areas in its safety and efficacy. These are believed to be 
responsible for some of the variations in tDCS outcomes in previous studies and 
interventions. Some of the concerns associated with the application of tDCS are 
highlighted below. 
 Lack of standardisation of equipment 
 Lack of consensus in protocol 
 Variability in response to treatment 
 Duration and frequency of stimulation 
 Long-term safety 
 Cognitive cost 
 Modulators  
Lack of standardisation of equipment: There are dozens of tDCS devices worldwide. This 
is because tDCS device are easy to manufacture, consequently, a tDCS “box” is relatively 
cheap and will become more accessible in future. Most of the systems currently available 
are designed for neuroscience laboratories and clinics, and they generally lack 
standardization (Brunoni et al., 2012). 
Lack of consensus in protocol: A critical look at tDCS studies has raised concerns on the 
transferability, reproducibility, and validity of tDCS research in clinical settings. Firstly, 
tDCS intervention differ in terms of “dosage”, in this context dosage refers to the current 
intensity, duration and frequency of stimulation per day (Brunoni et al., 2012), but in 
general, 1-2 mA, 10-40 min, single session are used (Brunoni et al., 2012). Secondly, the 
samples used vary in terms of sample size, eligibility criteria and demographics, but most 
commonly, 20-60 healthy young adult subjects are used (Minarik et al., 2016). The 
variability in experimental protocol, in addition to potentially poor experimental design, 
could lead to incorrect interpretation of results. 
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There is some consensus across studies, however, which may also impact the 
generalisability and interpretation of the results. Generally, majority of psychology 
research is predominantly conducted under well controlled laboratory environments. 
Furthermore, psychology research is based on student samples, with 80 percent of studies 
published in top six psychology journals between 2003 and 2007 use undergraduate 
students (Henrich, Heine, & Norenzayan, 2010). A closer look at this methodological 
criticism revealed that not only did tDCS research focus on student samples; they rely 
largely on psychology students as participants. The use of student samples owes to the 
fact that they are cost effective and convenient to obtain. Although, student samples can 
provide useful insights into tDCS research, results obtained may differ from the general 
population (Banyard & Hunt, 2000). For this reason, further research on tDCS should be 
conducted to address the following questions: is the sample a good representation of the 
general population? How were the samples selected? What are the characteristics of the 
samples? Addressing these vital questions may potentially reduce the variability and 
inconsistency in tDCS-effect results obtained. 
Variability in response to treatment: Across the literature, the physiological, behavioural 
and therapeutic effects of tDCS are not consistent. Generally, tDCS produces positive 
results in small samples, but this does not mean these modest results can be extrapolated 
to the general public, given the intra-individual and inter-individual diversity in the 
population. For example, there are inter-individual differences in brain morphology, skull 
thickness, drug use, age, gender, handedness, genetics, nutrition status, physical fitness, 
and sleep habits (Dayan et al., 2013; Li, Uehara, & Hanakawa, 2015; Yong-Ii et al., 
2015). Recently, a number of studies have attempted to highlight the potential trait-
dependent outcomes of tDCS. Truong et al. (2014) proposed that skull thickness and 
white matter variability contributes to variable outcomes (Truong et al., 2014), and Song 
et al. (2015) suggested that tissue type (in this case a brain tumour) may influence global 
current distribution (Song, Wen, Ahfock, & Li, 2015). Krause and Cohen (2014) have 
also suggested that brain neuro-chemical variability also plays a role in variations in tDCS 
outcomes (Krause & Cohen Kadosh, 2014). This is potentially important, as in addition 
to the intrinsic neuro-chemical variability, habits such as smoking and use of recreational 
drugs can alter neurotransmitter release (Krause & Cohen Kadosh, 2014). These inter-
individual differences make the efficacy of tDCS and the interpretation of results 
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challenging. Therefore, the future direction of tDCS is to identify specific modulators of 
tDCS in order to identify individuals that can benefit most from this technique. 
Variability should not always be perceived as a negative issue. By understanding the 
factors contributing to variability and how they modulate tDCS efficacy, maximum 
therapeutic outcomes can be achieved. Taking an optimistic approach, we can use inter-
individual differences to exploit the mechanisms underlying tDCS effects, combining 
these factors to enhance outcome.  
Duration and frequency of stimulation: It is unclear what the effect of increasing the 
length of stimulation on tDCS-effect is on performance, for example, continuous 
stimulation for hours or days (Iyer et al., 2005; Poreisz, Boros, Antal, & Paulus, 2007). 
At present, prominent stimulation duration in the literature stand within 20 to 60 minutes 
(Brunoni et al., 2012). Increasing the time of anodal stimulation has been shown by one 
study to be ineffective, and in fact reverses the excitatory effect (Monte-Silva et al., 
2013). In contrast to increasing the duration of a single session, repetitive stimulation 
over consecutive days (increased frequency of stimulation) seems to have a beneficial 
effect (Boggio, Nunes, et al., 2007; Dockery et al., 2009; Lindenberg et al., 2010), as 
discussed in previous sections (1.2.1). 
Long-term safety: In addition to the efficacy of any intervention, the tolerability and 
acceptability are equally important to ensure the safety of the patient. Generally, a single 
session of tDCS is well-tolerated with mild side-effects, such as itching or tingling 
sensations, which are short-lived (Brunoni et al., 2011; Poreisz et al., 2007). However, 
the potential safety concerns associated with repeated or long-term tDCS use have not 
yet been sufficiently investigated. A systematic review by Aparicio et al. (2016) 
investigated the acceptability and tolerability of tDCS in neuropsychiatry trials. Their 
findings showed that it is difficult to predict the long-term safety of the technique as most 
studies fail to report adverse effects of tDCS (Aparicio et al., 2016). This is has led to a 
drawback in understanding the potential side-effects of tDCS.  
Cognitive cost: At first, the brain appears to maintain a dynamic balance between external 
(such as attention and working memory) and internal (thoughts) stimuli, there seem to be 
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a strong negative correlation between active resting-state networks involved in external 
stimuli compared to internal stimuli (Brem, Fried, Horvath, Robertson, & Pascual-Leone, 
2014; Greicius, Krasnow, Reiss, & Menon, 2003). This “cognitive cost” of resting-state 
network activity has been explained to be a consequence of the limited energy source 
available to the brain (Brem et al., 2014). Similarly, tDCS of specific region of the brain 
has been shown to increase energy consumption and reallocation of blood flow to the 
stimulated region (Binkofski et al., 2011). Therefore, enhancing specific brain regions 
may be detrimental to other brain regions, which now receive comparatively less 
nutrients and oxygen (Krause, Marquez-Ruiz, & Cohen Kadosh, 2013). At present, it is 
unknown whether studies that aim to improve brain functions are accompanied by 
cognitive cost as this is yet to be explored.  
Modulators: The efficacy of tDCS may be modulated by nutrition, gender, age, genetics, 
stress, physical fitness and sleep. Increasing evidence has shown that tDCS has the 
potential not only to alter feeding behaviour (Gluck et al., 2015; Goldman et al., 2011; 
Jauch-Chara et al., 2014; Kekic et al., 2014), but also influence downstream metabolic 
activities regulated by the brain (Binkofski et al., 2011). However, the potential of an 
individual’s nutritional status, gender, age, and stress state (acute/chronic stress) to 
modulate tDCS efficacy are unknown. There is evidence that tDCS can influence feeding 
behaviour (Gluck et al., 2015; Goldman et al., 2011; Jauch-Chara et al., 2014; Kekic et 
al., 2014), metabolic activities (Binkofski et al., 2011), pain response (as a stressor) 
(Antal et al., 2008; Fagerlund, Hansen, & Aslaksen, 2015; Rosen, Ramkumar, Nguyen, 
& Hoeft, 2009), and reduce age-related cognitive decline (Meinzer, Lindenberg, 
Antonenko, Flaisch, & Floel, 2013). Most pertinent to this thesis, the modulatory effect 
of sleep on tDCS is unclear, despite, growing evidence that similar neuroplasticity 
processes occur during sleep and tDCS. Sleep has a potential modulator of tDCS will be 
further discussed in section 1.6. 
1.3.1 Implications of the Limitations of tDCS 
Given the rapid growth of tDCS in academia and the public domain, providing a 
comprehensive knowledge of tDCS is imperative in order to ensure the safety and 
efficacy of the technique. This requires a multifaceted approach, which will involve 
monitoring and regulating stimulation devices, standardizing tDCS protocols for specific 
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modalities, exploring the causes of variability in response to treatment, assessing its long-
term safety and investigating the potential modulators of the technique. Tackling these 
will help inform social, ethical and policy implementations.   
This thesis makes a case for sleep as a potential modulator of tDCS because of their 
intrinsic link in mechanisms of learning and memory neuroplasticity process. The 
subsequent sections will provide a background on sleep and its functions, in order to 
present the theoretical perspective from which the research questions this thesis aims to 
address evolved.  
1.4 What is Sleep?  
According to the Oxford Dictionary of Psychology, sleep is a periodic state of muscular 
relaxation, reduced energy expenditure, and diminished level of consciousness, in which 
a person is unresponsive to external stimuli, due to a raised arousal threshold (English, 
2010). In the physiological context, sleep is the suspension of voluntary bodily functions 
and complete or partial suspension of consciousness, which is readily reversible - unlike 
coma and anaesthesia (Psychologist World, 2016). Sleep occurs at a specific time of the 
day, predominantly at night and physical attributes of sleep include closed eyes, postural 
recumbence with temporary immobility or muscle atonia (Kryger & William, 2011).  
1.4.1 What Happens When We Sleep? 
Sleep has a remarkably complex and multifaceted architecture. With the aid of research 
and diagnostic tools such as electroencephalogram (EEG), electrooculography (EOG) 
and electromyography (EMG), sleep has been divided into two phases or states; namely; 
rapid eye movement (REM) sleep and non-rapid eye movement (non-REM) sleep, such 
as slow wave sleep (SWS) (Aserinsky & Kleitman, 1953). The first half of the night is 
mostly spent in non-REM sleep, which can be further divided into four stages (known as 
stages 1, 2, 3 and 4; Table 1.2) and it is characterised by high amplitude low frequency 
(slow-wave) EEG. 
REM sleep, also known as paradoxical sleep, is the deepest form of sleep and it is the 
state in which the brain generates complex dreams with temporary muscle paralysis 
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(atonia) to prevent acting out these vivid dreams (Berger, 2008). REM sleep is 
characterised by low amplitude high frequency (rapid) EEG and it is predominant in the 
second half of the night (Gais & Born, 2004). 75% of a night’s sleep is spent in non-REM 
sleep, while 25% in REM sleep. The cycle between REM and non-REM alternates every 
90 min throughout the night, with the longest REM period being the last hour before wake 
(Aserinsky & Kleitman, 1953; Kales & Kales, 1970).
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Table 1.2 | Wake and sleep stages with their distinct characteristics and electrophysiology 
correlates. 
 Stages* Characteristics EEG pattern 
 Fully awake  Increased heart rate 
 Thermoregulation maintained 
 Increased muscle tension 
 Increased alertness and reduced 
threshold to external stimuli 
Beta activity-Fast frequency 
(>15-20Hz), low amplitude  
 
 
 
 
Stage I: 
 
 Decreased heart rate  
 Thermoregulation maintained 
 Reduction in muscle tension.  
 Reduced alertness and 
responsiveness to external 
stimulus 
Vertex Spikes, theta waves  
(4 – 8 Hz) 
 
Stage II: 
 
 Unresponsive to external stimuli. 
 Some eye movement may be 
present. 
 Obscure thoughts 
Sleep spindles, 12 to 14 Hz 
 
Stage III: 
 
 Decreased cerebral blood flow 
 Brain temperature decreased 
 Infrequent eye movement 
 High threshold to external 
stimuli 
Sleep spindles with large-
amplitude (1 – 4 Hz) 
 
Stage IV: 
 
 Similar to stage 3 Delta wave (.5 – 4 Hz)
 
  
 
 
 
REM Sleep 
 Rapid eye movement under 
closed eye lids 
 Irregular breathing and pulse 
rate 
 Flaccid and unresponsive 
musculature. 
 Impaired thermoregulation 
 Manifestation of vivid and well 
organized dreams 
 Increased brain temperature and 
cerebral blood flow 
 
Small amplitude, high frequency 
similar to wake state 
 
 
*Based on American Academy of Sleep Medicine (AASM) sleep staging and scoring criteria.
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1.4.2 Sleep-wake Regulation 
The sleep-wake cycle is regulated by the interaction of two separate biological 
mechanisms known as the circadian rhythm and the sleep-wake homeostasis. Both 
mechanisms, first described by Borbély in the 1980s, are known as the two-process model 
of sleep-wake regulation, and they interact with each other to regulate and balance sleep-
wake behaviour (Borbély, 1980; Borbely, Steigrad, & Tobler, 1980).  
Circadian Rhythm 
A number of biological functions of living organisms generate a 24-hr rhythm known as 
the circadian rhythm. An important behaviour that has this daily rhythm is the sleep-wake 
cycle. Sleep-wake cycles are synchronised to light and dark periods because light is a 
power zeitgeber (time-giver) or calibrator of the circadian rhythm. Light entrains an 
endogenous “clock” which runs the circadian rhythm, called the suprachiasmatic nucleus, 
a finding by Stephan and Zucker (1972). In their experiment, lesions to the SCN resulted 
in an arrhythmic circadian activity, suggesting that the lesion had eliminated this 
endogenous rhythm (Zucker, Rusak, & King, 1976). The SCN is independent of the 
amount of preceding sleep or wakefulness, such that, sleep might be ineffective if it 
occurs at the wrong time of the biological clock cycle. In addition to the regulation of 
sleep, the biological clock regulates feeding patterns, core body temperature, hormone 
production, and other biological activities (Macchi & Bruce, 2004).  
Sleep-wake Homeostasis 
The circadian rhythms are not sufficient to regulate sleep; therefore, homeostatic sleep 
drive exists. The sleep-wake-homeostasis functions by increases sleep-need throughout 
the day and it is regulated by the circadian drive for arousal until the late evening when 
the circadian arousal drive diminishes, creating the so-called “sleep gate”, which is the 
onset of sleep marked by the production of melatonin. While asleep, the homeostatic 
sleep drive gradually dissipates, melatonin secretion decreases, and the circadian alerting 
system increases before wake. Eventually, the circadian drive for arousal overcomes the 
homeostatic sleep drive, triggering awakening. 
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The circadian rhythm and the sleep-wake homeostasis are influenced to some extent by 
various external factors such as ambient temperature, meal times, naps, stress, exercise 
and genetic makeup of an individual.  
Mechanisms 
The specific mechanisms that determine the initiation, maintenance and termination of 
sleep have been well documented. Key components in the system that regulates sleep-
wake cycle are neurons lateral and posterior to the hypothalamus, the pedunculopontine 
(PPT) and laterodorsal tegmental (LDT) nuclei, and the ventrolateral preoptic nucleus 
(VLPO) (see Figure 1.5). The firing rate of the neurons lateral and posterior to the 
hypothalamus increases during wakefulness and decreases during non-REM sleep. When 
active, these neurons release neuropeptides such as hypocretin-1 and hypocretin-2 (also 
known as orexin-1 and orexin-2), which are low in narcolepsy patients’ due to neuronal 
loss or genetic mutation in hypocretin-2 receptor. Other components of the arousal 
network include the PPT and LDT nuclei, which are cholinergic neurones that serve the 
thalamic nuclei with arousal signals (Levey, 1987; Saper, Cano, & Scammell, 2005).  
The VLPO, found in the hypothalamus, is responsible for sleep. It is activated by sleep 
inducing factors such as adenosine and prostaglandin D2 to induce sleep. Evidence for 
the involvement of the VLPO in sleep induction comes from animal studies, which have 
consistently correlated sleep loss with lesions to the VLPO. For instance, a study by Lu 
et al. (2000) reported decrease in REM sleep in rats with lesion to the extended VLPO 
and decrease in non-REM sleep in rats with lesions to the VLPO cluster (Lu, Greco, 
Shiromani, & Saper, 2000). In addition, the sleep-to-wake transition phase has been 
shown to be characterised by increased neuronal firing rate in the VLPO (Szymusiak, 
Alam, Steininger, & McGinty, 1998).
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Figure 1.5 | A schematic diagram of the key projections of the ventrolateral preoptic nucleus 
(VLPO) to the main components of the arousal system (French & Muthusamy, 2016). 
1.4.3 Principles of Circadian Typology  
The concept of circadian typology classifies circadian rhythmic expression among 
individuals in three categories, morning-type (larks), intermediate, and evening-type 
(owls). Morningness and eveningness refer to individual’s optimum time of the day for 
activity. This has a normal distribution across the population, with extreme chronotypes 
rare, while intermediates are common (Roenneberg et al., 2007), as shown in Figure 1.6. 
Entrainment ensures that the biological clock is constantly synchronised to its zeitgebers, 
with light being the most powerful zeitgeber. The relationship between the biological 
clock and the external clock is called phase of entrainment; when this varies among 
individuals, they are said to have different chronotypes (Roenneberg et al., 2007). There 
are individual differences in predisposition to extreme chronotypes, part of which 
(49.7%) is genetically predetermined (Hur et al., 1998; Koskenvuo, Hublin, Partinen, 
Heikkila, & Kaprio, 2007). Different variations or polymorphisms of the “clock” genes 
are associated with individual differences in synchronisation to external clock.  
Individual traits such as age and gender, as well as personality traits such as habits and 
life-style have impact on circadian typology (Adan et al., 2012). In terms of age, there is 
concrete evidence that chronotype varies with age, with a peak in eveningness in young 
adults, followed by a shift towards morningness as age increases (Roenneberg et al., 
2004). Other factors such as industrialization, globalization, technology-related 
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behaviours (exposure to illuminated digital screens), jet lag as a result of frequent travel, 
and night shift work have led to a shift in the normal circadian chronotypes of many 
individuals.  
 
Figure 1.6 | Normal distribution curve of different chronotypes in the population, based on the 
Munich Chronotype Questionnaire (MCTQ), a modern version of the morningness and 
eveningness questionnaire. Adapted from Roenneberg et al. (2007). 
Chronotype Assessment  
Diurnal preferences are generally assessed by questionnaires designed to categorise 
individuals as either morning-type, intermediate, or evening-type, based on their 
preferred time of the day for optimum activity (Folkard, Monk, & Lobban, 1979; Horne 
& Ostberg, 1976; Torsvall & Akerstedt, 1980). First of this scale was published by Horne 
& Ostberg in 1976 known as the Morningness and Eveningness Questionnaire (MEQ). 
This paved way for similar psychometric assessments such as the Circadian Type 
Questionnaire (CTQ, Folkard et al., 1979), Diurnal Type Scale (DTS, Torsvall & 
Akerstedt, 1980), and the recently developed Munich Chronotype Questionnaire 
(MCTQ) (Allebrandt & Roenneberg, 2008). These scales have enabled us understand the 
individual diurnal differences and how these affect biological functions.
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1.4.4 Why Do We Sleep? 
Sleep is the most common single behavioural experience of animals, which is why we 
spend a large part of our life sleeping. In fact, an average man spends approximately 36% 
of his lifetime sleeping, therefore, by age 60, 20 years of his life has been spent sleeping 
(Kryger et al., 2005). If he lives till age 90, 32 years of his life will be spent in this 
mysterious state. Historically, sleep was an important component of the day (Saavedra, 
1867), although, little was known about its true benefit to health and wellbeing. The 
famous novelist, Saavedra de Cervantes (1605) once praised sleep in his novel titled “Don 
Quixote”, but was quick to point out the evil in it, stating: “It (sleep) resembles death, 
since between a dead man and a sleeping man, there is but little difference” (as cited in 
Cervantes, 1882; p. 500). In recent times, robust evidence exits which suggest that sleep 
is an important behaviour, although it is less appreciated in this modern age, because it is 
generally believe that time spent sleeping is time wasted. Early studies reported that the 
brain does not simply shutdown during sleep. In fact, some areas of the brain are as active 
during sleep compared to wake (Dijk, 1995; Loomis, Harvey, & Hobart, 1935). 
Furthermore, the activity during the sleep state does not arise from a single structure 
within the brain, but seems to some extent to be a network property (see regulation of 
sleep and wake cycles in section 1.4.2).  
Despite the evidence of the importance of sleep, the exact function it plays is still under 
debate. There are dozens of ideas which attempt to explain why we sleep. This section 
will describe the three main theories and concepts in the debate on sleep function. In 
brief, sleep is thought to play a role in restoration, regulation of brain function, and energy 
balance (Figure 1.7). Correlational and interventional approaches have been used to 
explore these benefits of sleep. Correlational studies monitor individual differences in 
sleep or changes in sleep-wake cycles in parallel to changes indicative of restoration, 
energy conservation or regulation of brain function (Baumann, Werth, Stocker, Ludwig, 
& Bassetti, 2007; Bonnet, 1986; Friedmann et al., 1977; Quigley, Green, Morgan, 
Idzikowski, & King, 2000). Whereas, interventional studies either manipulate sleep, for 
example by removal of sleep stage or total sleep deprivation to observe its effect on 
factors involved in restoration, energy conservation or regulation of brain function, or 
manipulate these factors to observe the effect on sleep (Beaumont et al., 2005; Bonnet, 
1986; Quigley et al., 2000). An example of the latter is studies that manipulate brain 
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function during the day using specific physical or cognitive tasks, and then monitor 
subsequent changes in sleep architecture in the proceeding night’s sleep (Huber et al., 
2006; Huber, Ghilardi, Massimini, & Tononi, 2004). Using these techniques, the different 
aspects of sleep and their benefit have been studied in some detail and the outcome of 
those studies will be reviewed below. 
 
Figure 1.7 | Major functions of sleep 
Restoration 
The idea that sleep plays a restorative function to the brain and the body comes from the 
fact that restorative processes such as tissue repair, bone development, muscle growth 
and hormone secretion often occur during sleep (Anafi et al., 2013; Dattilo et al., 2011; 
Davidson, Moldofsky, & Lue, 1991; Egydio, Pires, Tufik, & Andersen, 2012; Everson, 
Folley, & Toth, 2012). Research testing the effect of sleep deprivation in rats show that 
chronic total sleep deprivation results in breakdown of body tissues, poor wound healing 
and eventually death after 3 weeks (Everson, Bergmann, & Rechtschaffen, 1989; Kushida 
et al., 1989). Likewise in humans, prolonged aerobic exercise has been shown to increase 
sleep onset and total sleep duration (Figure 1.8), as well as percentage of slow wave sleep 
(Figure 1.9; Shapiro et al., 1981). Therefore, it is thought that sleep is an opportunity for 
the brain and body to rejuvenate and repair itself. Recently, it has been demonstrated that 
a whole number of genes are turned on during sleep (Pellegrino et al., 2012). A study by 
Moller-Levet et al. (2013) showed that one week of insufficient sleep alters expression 
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of genes involved in chromatin remodelling, circadian rhythm, and stress responses. The 
data imply molecular mechanisms mediating the effects of sleep loss on health and 
highlight the interrelationships between sleep homeostasis, circadian rhythmicity, and 
metabolism. In particular, genes that are associated with restoration and metabolic 
pathway are significantly affected by sleep loss (Pellegrino et al., 2012; Moller-Levet et 
al., 2013). Thus, suggesting that the benefit of sleep are not restricted to the brain, but 
also important in peripheral tissues. In addition, empirical evidence collected in human 
and animal studies have shown that total sleep deprivation leads to aberrant immune 
function (Everson, Thalacker, & Hogg, 2008; Tang, Preuss, Turek, Jakate, & 
Keshavarzian, 2009; Moller-Levet et al., 2013). All these studies support the idea that 
sleep has a major physiological restorative function. There is also evidence that sleep 
performs a restorative role in neural function through synaptic homeostasis after neuronal 
plasticity. This evidence will be discussed below.  
 
Figure 1.8 | Total sleep time and mean number of minutes spent at different stages of sleep after 
92 km marathon and on three subsequent nights, compared to controls. There was a significantly 
increase in total sleep time (TST) on each of the four nights after the marathon compared to 
controls F(4, 20) = 21.3, p < .05 (Shapiro et al., 1981). 
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Figure 1.9 | Percentage slow-wave sleep is often used an index of sleep quality. Four nights after 
92 km marathon, the percentage of SWS increased on both nights 1 and 2; F(4, 20) = 44.0, p < 
.001, but not on nights 3 and 4 (Shapiro et al., 1981). 
Synaptic Homeostasis After Neuroplasticity 
Neuroplasticity is the remodelling or reorganization of neuronal circuits due to changes 
in behaviour, environment, and ongoing neural processes in the brain (Pascual-Leone, 
Amedi, Fregni, & Merabet, 2005). Neuronal networks are persistently redesigned 
throughout a lifetime, which permits the brain not only to acquire new abilities under 
healthy conditions, but also to relearn previously acquired skills. The paramount function 
of neuroplasticity is to achieve better adaptation of an organism to constantly changing 
environment (Vyazovskiy & Faraguna, 2015). 
When awake, there is a net increase in synaptic strength and density (synaptic 
potentiation), altered expression of plasticity associated genes and increased energy 
expenditure as a result of continuous acquisition of information from the environment 
(Cirelli, 2009; Cirelli, Gutierrez, & Tononi, 2004; Vyazovskiy, Cirelli, Pfister-Genskow, 
Faraguna, & Tononi, 2008). At some point, synaptic saturation will occur due to the 
limited availability of space and energy in the brain (Vyazovskiy & Faraguna, 2015). The 
synaptic homeostatic hypothesis theory proposed by Tononi and Cirelli (2006) describes 
sleep as an adaptive state that re-establishes synaptic homeostasis after wake-depended 
synaptic saturation (synaptic downscaling; Figure 1.10) (Dijk, 1995; Reato et al., 2013; 
Tononi & Cirelli, 2006; Vyazovskiy & Faraguna, 2015).
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Figure 1.10 | Schematic illustration of sleep-wake induced changes in slow wave activity (SWA) 
which is one of the markers of sleep homeostasis. SWA increases until saturation is reached 
(Process S) during wakefulness as a result of net increase in synaptic potentiation. During sleep, 
SWA declines as a result of synaptic downscaling (Tononi & Cirelli, 2006). 
  
Findings from several studies have demonstrated the existence of a wake-dependent 
increase in synaptic-strength and sleep-related decrease in synaptic strength, as illustrated 
in Figure 1.10 (Dijk, 1995; Gorgoni et al., 2013; Liu, Faraguna, Cirelli, Tononi, & Gao, 
2010; Vyazovskiy et al., 2008). For example, Liu et al. (2010) demonstrated that the 
frequency and amplitude of miniature excitatory postsynaptic current (EPSC) recorded 
from pyramidal cortical neurones increased in rats that were sleep deprived for 4 hrs and 
decreased during sleep (Liu et al., 2010). In addition, local field potential recordings show 
that amplitude of cortical evoked responses increases after wakefulness and decreases 
during sleep, while single unit recording of mean firing rate display similar outcomes 
(Vyazovskiy et al., 2008). This is also seen at the molecular level, with a 40% increase 
in GluR1-containing AMPA receptor levels, which are associated with increase in 
synaptic strength during wakefulness compared to sleep (Vyazovskiy et al., 2008). These 
findings suggest the synaptic homeostasis hypothesis provides an attractive proposition 
for the neuronal restorative function of sleep in parallel to the physiological restorative 
function.
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Brain Function 
The previous section showed that sleep can influence brain function through synaptic 
homeostasis, however, majority of research into the effects of sleep on brain function 
investigate its effect on learning and memory. Here, the concept of learning and memory 
will be described, and the potential mechanisms by which sleep aids memory 
consolidation will be discussed.  
Learning and Memory 
One of the most intriguing functions of the brain is its ability to store information 
provided by experience and retrieve it over time (Censor, Sagi, & Cohen, 2012). Learning 
is the process by which new information is acquired, either consciously or passively, 
while memory is the encoding, storage and retrieval of learned experience. The 
classification of memory has been quite controversial due to its complex nature. Memory 
can be broadly classified based on the duration or the nature of the information. In terms 
of nature of information, memory can be divided into declarative and non-declarative 
memory, or non-procedural or procedural memory. Declarative memory is explicit in 
nature, for example, recall of facts, events and language. The medial temporal lobe and 
the diencephalon play a crucial role in this type of memory. In contrast, non-declarative 
memory is implicit in nature. This form of memory involves learning of skills and habit. 
The striatum (procedural), cerebellum (skeletal musculature) and the amygdala 
(emotional responses) are critical in non-declarative memory. In the broad sense, the 
aforementioned classification of memory describes the mode of memory acquisition, and 
clearly in this context, independent systems are responsible for organisation of both 
procedural and declarative forms of memory (Robertson & Cohen, 2006). In contrast, 
during offline processing and performance of task, it seems that there is no distinct 
separation between declarative and procedural memory (Robertson & Cohen, 2006). For 
example, typing a four-digit code on an ATM machine requires the ability to remember 
the digits (declarative) and the ability to remember the correct position and order to press 
the buttons (procedural). Investigations into the interaction between both forms of 
memory during off-line processing have shown that procedural memory consolidation 
can be blocked by declarative memory over wake, but not over sleep (Robertson, 2012). 
This shows the dynamic relationship between declarative and procedural memory and 
further supports the role of sleep on memory consolidation.  
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In terms of duration, memory can be categorised into short-term memory, working 
memory and long-term memory (Cowan, 2008). Short-term memory, as the name 
denotes, refers to memory that is prone to temporal decay and it is limited in capacity. 
Working memory, although not entirely distinct from short-term memory, refers to 
memory that is actively used to carry out a task (Cowan, 2008). For example, working 
memory is used in driving, reading and in conversations. Long-term memories are 
phylogenetic memories that have evolved over days, weeks, or life-time. Hence, they are 
often responsible for individual differences in memories of up-bringing and lifestyle. 
Short-term memory and working memory can be transferred to long-term memory by 
conscious or unconscious rehearsal or practice (Jolicoeur & Dell'Acqua, 1998). The 
transfer of short term memory to long term memory is known as memory consolidation 
(McGaugh, 2000), and sleep has been shown to play an important role in this process. 
Insights into the role of sleep on memory consolidation dates as far back as the 1920s. In 
1924, Jenkins and Dallenbach first reported improved performance in a verbal learning 
task after a period of sleep compared to prolonged wake (Jenkins & Dallenbach, 1924). 
In their experiment, subjects were trained on a verbal learning task before bedtime and 
they were tested 8 hrs after sleep. In another group, subjects were trained on the same 
task early in the day and they were tested 8 hrs later, without a period of sleep (Jenkins 
& Dallenbach, 1924). Their result showed improved performance after period of 
subsequent sleep compared to period of prolonged wake. Even more recently, these 
findings have been replicated in a number of studies using different declarative and 
procedural learning tasks (Cohen, Pascual-Leone, Press, & Robertson, 2005; Fischer, 
Hallschmid, Elsner, & Born, 2002; Korman et al., 2007; Walker et al., 2003). In addition, 
researchers are beginning to understand how sleep characteristics across the night 
influences behavioural and neural correlates of learning and memory (Heib et al., 2013; 
Hoedlmoser et al., 2014; Schabus et al., 2008). These novel and exciting discoveries have 
shown that our ability to come up with novel solutions to complex problems is greatly 
enhanced by a night of sleep (Ritter, Strick, Bos, van Baaren, & Dijksterhuis, 2012).  
However, the mechanism by which sleep aid memory consolidation is yet to be fully 
understood. There are 3 models that have been put forward to explain the role of sleep on 
memory consolidation. The first school of thought states that memory acquired during 
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the day is prone to interference. Therefore, sleep protects against memory deterioration 
by reducing interference (Censor et al., 2012; Korman et al., 2007; Yotsumoto, Chang, 
Watanabe, & Sasaki, 2009). The second model argues that memory spontaneously decays 
over time, which is why forgetting is an integral part of learning and memory (Maddox, 
Balota, Coane, & Duchek, 2011). Moreover, most of the working memory and passive 
memory are forgotten over time. This model suggests that sleep slows down the rate of 
memory decay and therefore, it plays a passive role in memory consolidation. Lastly, 
sleep is thought to play a more active role in the synaptic plasticity underlying learning 
and memory. Memory results from changes in brain circuitry, also known as synaptic 
plasticity. As discussed in the section on restoration, there is evidence that sleep also 
effects synaptic plasticity and similar processes may therefore be underlying the effect of 
sleep on memory consolidation. This possible overlap in function will be described 
below.  
Mechanism 
One of the most plausible mechanisms behind the memory enhancement effect of sleep 
is that those synaptic connections that are important to memory are linked and 
strengthened during sleep using LTP (as previously discussed). Meanwhile synaptic 
connections that are less important are weakened during sleep using LTD (as previously 
discussed). LTP has an early phase and a late phase, which are associated with short-term 
and long-term memory respectively. The early phase LTP is characterised by increase in 
neurotransmitter release and maintenance of already existing proteins. In contrast, the 
late phase involves the synthesis of new proteins and the formation of new synapses (Lee, 
Cohen, Becker, & Fields, 2005) (Figure 1.11).
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Figure 1.11 | Synaptic events during short and long-term memory formation. Short-term 
memory occurs in the early phase of long-term potentiation (LTP), which happens within 
minutes or hours and it involves the modification of existing proteins. In contrast, long-term 
memory takes place in the late phase of LTP and it is associated with synthesis of new proteins 
through changes in gene expression. 
As discussed above, LTP takes place at glutamatergic neurons, with both NMDA and 
AMPA receptors in the post-synaptic cleft involved. NMDA receptors are ionotropic 
receptors that maintain neuronal plasticity and memory function. When they are active, 
they bind to Ca2+/calmodulin kinase II to trigger down-stream events involved in LTP. 
However, NMDA activation requires the removal of magnesium ion (Mg2+) from the 
active site before glutamate can be bound. AMPA receptor activation leads to 
depolarisation of the post synaptic terminal and removal of Mg2+ on NMDA receptors, 
allowing glutamate to bind. AMPA activation requires high frequency signal 
transmission caused by a prolonged stimulus. In a feedback loop, activated NMDA 
receptors increase the permeability of AMPA receptors, which are usually not very 
permeable to Ca2+. NMDA also mediate the insertion of AMPA receptors in the post-
synaptic terminal (Figure 1.12).
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Figure 1.12 | NMDA-LTP induction. High frequency stimulation activates AMPA receptors 
and causes postsynaptic depolarisation, which removes Mg2+ block of NMDA receptor 
channels, there by activating NMDA receptors. NMDA is important in phosphorylation of 
AMPA receptors and insertion of AMPA receptors in the post-synaptic terminal. Picture 
obtained from Wolters Kluwer Health, Lippincott William and Wilkins (2007). 
The impact of sleep on the aforementioned LTP mechanism has been investigated in 
recent decades, the majority of which have been conducted in hippocampal tissues of 
sleep-deprived rodents. In these studies, it is clear that sleep affects synaptic homeostasis 
and this may therefore underpin the effect of sleep on learning and memory. For example, 
sleep-deprived rodents by gentle handling for 12-24 hrs show decrease in LTP expression 
in the Schaffer collateral of the hippocampus (Campbell, Guinan, & Horowitz, 2002). In 
another instance, 5-6 hrs of sleep deprivation affects LTP maintenance, but not LTP 
induction (Florian, Vecsey, Halassa, Haydon, & Abel, 2011; Vecsey et al., 2009). The 
effect of sleep loss on LTP is said to be as result of an increase in LTP induction 
threshold, and this phenomenon occurs at the NMDA level, which is regulated by NMDA 
(Kopp, Longordo, Nicholson, & Luthi, 2006). In addition, removal of specific sleep 
stages has similar effect on hippocampal LTP to total sleep removal. Studies have shown 
that REM sleep removal leads to a deficit in hippocampal LTP similar to those observed 
after total sleep deprivation (Alhaider, Aleisa, Tran, & Alkadhi, 2011; Davis, Harding, 
& Wright, 2003; McDermott et al., 2003).  
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In summary, initiation and maintenance of LTP is important for learning and memory. 
The above evidence shows that sleep plays an active role in synaptic plasticity processes 
underlying learning and memory. Therefore, removal of sleep may affect learning and 
memory via disruption of neuroplasticity processes described above. This links back to 
the major research question that this thesis aims to address, which is the modulatory effect 
of sleep on tDCS-enhanced learning. Since, both tDCS and sleep modulate NMDA-
dependent LTP/LTD-like mechanisms of learning and memory, disruption of normal 
sleep may indeed affect tDCS-efficacy.  
Energy balance 
 
This concept is based on the theory that energy expended during the day must be balanced 
during the recuperative period of sleep. Respiratory and metabolic processes consume a 
lot of energy; therefore, the energy consumed must be replenished. Bennington and 
Heller (1995) first presented the glycogen replenishment hypothesis of sleep, which states 
that the replenishment of energy stores in the brain have to go on during sleep. They 
further reported that energy replenishment during sleep occurs during non-REM sleep 
(Benington & Heller, 1995). This model was based on the fact that a large percentage of 
night sleep is spent in non-REM sleep compared to REM sleep. Secondly, non-REM 
sleep is neurophysiologically distinct from wakefulness, while REM sleep and 
wakefulness are quite similar (Benington & Heller, 1995). This model proposes sleep as 
a period of energy balance and a feedback homeostatic regulation function. 
During non-REM sleep, there is a remarkable decline in respiration (Douglas, White, 
Pickett, Weil, & Zwillich, 1982), heart rate (Vanoli et al., 1995), blood pressure (Littler, 
Honour, Carter, & Sleight, 1975), and muscular tension (O'Rourke et al., 1987). Due to 
the combination of these factors, there is less energy consumed during sleep, at least 
about 15% less in terms of metabolism (Brebbia & Altshuler, 1965). This may seem to 
be a meagre return (15% reduction) for such an extreme and demanding behaviour. 
However, in animals, energy demand can easily exceed available supply. Furthermore, 
increased daytime metabolic rate correlate with increased SWS during the subsequent 
sleep (Shapiro et al., 1981). In keeping with Bennington and Heller’s (1995) theory, there 
is evidence that part of the function of the increase in SWS may be to replenish cerebral 
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glycogen stores that are depleted during wakefulness (Kong et al., 2002; Matsui et al., 
2012).  
1.4.5 How Much Sleep Do We Need? 
The amount of sleep we need varies across individuals and changes with age, but in 
general, an average adult sleeps for 7-9 hrs a day (Purves, 2001; Groeger, Zijlstra & Dijh, 
2004). The exact number of hours of sleep required for optimum function varies among 
individuals’ due to factors such as stress levels, effect of drugs, environmental factors 
and nutritional status. A departure from the normal hours of sleep required for optimum 
performance leads to a “sleep debt” in the subsequent days (Purves, 2001). Accumulation 
of sleep debts over time leads to cognitive deficits (Beaumont et al., 2005; Jones et al., 
2006; Van Dongen, Maislin, Mullington, & Dinges, 2003). However, studies have shown 
that inter-individual variability exist in cognitive outcomes of sleep loss (Dorrian & 
Dinges., 2005; Durmer & Dinges, 2005; Kryger et al., 2011), such that some individuals 
may show severe cognitive impairment following modest sleep restrictions, while others 
may show little or no effect (Lo et al., 2012). Therefore, individual differences in 
tolerability to sleep loss may also determine how much sleep is needed for optimum 
performance (Klerman & Dijk, 2005). It has been postulated that inter-individual 
difference in sleep need may be due to certain genetic makeup of an individual. 
Polymorphisms in circadian clock gene known as PERIOD (PER) genes, particularly 
PER 3 has been shown to increase the susceptibility to sleep loss (Viola et al., 2007), 
however, these factors are still poorly understood 
1.4.6 Sleep Assessment  
Sleep can be assessed using both subjective and objective techniques. Subjective sleep 
measures are mostly in the form of questionnaires and sleep diaries, which include the 
Pittsburgh Sleep Index Questionnaires (PSQI) for assessing sleep quality (Buysse, 
Reynolds, Monk, Berman, & Kupfer, 1989), and the Morningness and Eveningness 
Questionnaires (MEQ) for accessing diurnal preferences (Horne & Ostberg, 1976). 
However, sleep assessment using subjective reports are based on individuals experience 
and perception of sleep quality and quantity over time.  
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Polysomnography (PSG) is the gold standard objective technique for assessing sleep. It 
is a multi-parametric technique that measures physiological signals such as EEG, EOG, 
EMG, ECG, respiratory function and blood oxygen saturation (Figure 1.13A & B). 
Typically, PSG data is collected in a sleep laboratory, but recent technological 
developments have data collection outside the laboratory (De Vos, Gandras, & Debener, 
2014; Debener, Minow, Emkes, Gandras, & de Vos, 2012; Kranczioch, Zich, Schierholz, 
& Sterr, 2014). Actigraphy is an alternative to PSG as an objective measure of sleep, 
which allows data collection outside the laboratory and it is less intrusive. However, it is 
not as rich a data source as PSG and does not directly measure sleep architecture, for 
example, proportion of REM-sleep or SWS. 
 
Figure 1.13 | A typical polysomnography set up showing a) a patient in a semi-recumbent 
position on a bed with sensors (electrodes) attached to the nose, scalp, face, chest, belly, and 
finger; b) polysomnography recordings of blood oxygen level, breathing, and REM sleep stages 
(NIH, 2012).
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1.5 Clinical and Non-Clinical Alterations in Sleep  
Alterations in sleep are any condition that affect the ability of an individual to initiate or 
maintain sleep at night, or stay awake during the day. Sleep quality can be affected by 
clinical sleep disorders or sleep deprivation in non-clinical populations. Clinical sleep 
disorders, or simply sleep disorders, may have multiple etiological factors with severe 
symptoms which may affect the ability of an individual to lead a normal life. In contrast, 
sleep deprivation in non-clinical population are better delineated, manifest less severe 
symptoms and may not need medical treatment.  
Sleep Disorders 
Manifestation of sleep deprivation can occur unnoticed, with the Centre for Disease 
Control and Prevention (CDC) reporting that approximately 50-70 million Americans 
have some sort of sleep disorders, which they are unware of (CDC, 2014). Common sleep 
disorders include insomnia, excessive day time sleepiness, narcolepsy, restless leg 
syndrome, REM sleep disorder and sleep apnoea syndrome (SAS). Broadly, sleep 
disorders can be characterised by those that affect motor and non-motor functions. 
Majority of these sleep disorders are caused by dysfunction of sleep/arousal promoting 
mechanisms in the brain, for example, insomnia and excessive day time sleepiness. 
Insomnia is a non-motor sleep abnormality, which occurs when there is prolonged sleep 
latency and sleep fragmentation which makes it difficult to initiate or maintain sleep 
(Kryger et al., 2011; Suzuki, Miyamoto, Miyamoto, Iwanami, & Hirata, 2011). Insomnia 
is caused by imbalance between sleep-promoting and arousal-promoting pathways in the 
brain (Riemann, 2010; Riemann et al., 2011). Excessive day time sleepiness is a sleep 
disorder, which is characterised by rapid sleep onset without prior drowsiness, a condition 
caused by decrease in dopamine as a result of loss of dopaminergic neurones (Carskadon 
& Dement, 1982; Kryger et al., 2011). 
Motor abnormalities associated with sleep disorders include narcolepsy, restless leg 
syndrome and REM sleep disorder. Narcolepsy occurs when there is premature transition 
into REM sleep, due to disconnections between REM sleep components (Kryger et al., 
2011). This results in hypnagogic hallucinations and most importantly, sudden loss of 
consciousness (cataplexy). Restless leg syndrome manifests as the urge to move the limbs 
during sleep, and this urge is eased by movement. REM sleep disorder is characterized 
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by vivid dreams, increased muscle tone (lack of atonia) which leads to dream enactment 
(Comella, 2007). Patients who suffer from this condition often experience sleep 
fragmentation and decreased sleep efficiency, as a result of frequent transitions from 
sleep to wake during the course of a night’s sleep (Belaid et al., 2014).  
Sleep breathing disorders (SBD) are another class of sleep disorders that affect regulation 
of breathing in the brain (central sleep apnoea), or passage of air flow (obstructive sleep 
apnoea). These conditions affect blood oxygen level, which results in awakening to 
restore normal breathing (Kryger et al., 2011). Patients with SBD may often manifest 
snoring and gasping while sleeping (Mitra & Chaudhuri, 2009). In particular, post-stroke 
patients often experience SDB, and this had been linked with higher stroke mortality 
outcome. In some cases, SDB may be an independent predictor of stroke and stroke 
outcome (Hermann & Bassetti, 2009; Hermann & Bassetti, 2016; Good, Henkle, Gelber, 
Welsh, & Verhulst, 1996).  
Sleep Deprivation 
The critical thing to realize in our society today is that we are desperately sleep deprived. 
In the 1950s, data suggest that the average person gets around 8 hrs of sleep per night 
(Dement, 1998; NCSDR, 1994). Nowadays, we sleep one to two hours less every night. 
For teenagers, sleep deprivation is worse as some get as low as 5 hrs of sleep per day, 
which should be 9 hrs for optimum brain performance. The aged also experience sleep 
disruptions and many sleep less than 5 hrs a day (Bliwise, Ansari, Straight, & Parker, 
2005; Dijk & Duffy, 1999; Dijk, Duffy, & Czeisler, 2000; Kramer, Kerkhof, & Hofman, 
1999; Neubauer, 1999). In addition to this, 20% of the working population undertake shift 
work (NCSDR, 1994), which alters the sleep-wake cycle and circadian rhythm. 
Unfortunately, the body clock does not shift to the demands of working at night, and it is 
locked to the same night-dark cycle. Consequently, night-shift workers who sleep long 
hours during the day may not get efficient sleep because the body clock spontaneously 
signals wakefulness. Taken together, we are desperately sleep deprived and reasons for 
this include increased globalisation, long work hours, night shift work, and long-distance 
travel resulting in jet lag.  
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1.5.1 Consequences of Poor Sleep Quality 
Micro-sleep and Reduced Alertness 
Micro-sleeps are short instances where an individual involuntarily falls asleep. They can 
be somewhat embarrassing, but they can also be deadly with an estimation that 31% of 
drivers will fall asleep on the wheel at some point in their life (Akerstedt, Kecklund, & 
Horte, 2001). Thousands of accidents on the freeway are associated with tiredness, loss 
of vigilance, poor judgement and involuntary falling asleep (Akerstedt et al., 2001; 
Barger et al., 2005). For example, tragic accidents at Chernobyl and space shuttle 
Challenger have been associated with poor judgement and tiredness associated with 
prolonged shift-work (Mitler et al., 1988). It is well established that sleep removal during 
the night increases sleepiness, measured by decrease in alertness the following day (Dijk, 
Duffy, & Czeisler, 1992). Even worse, is the evidence that negative trade-off of sleep 
loss on levels of alertness is similar to having a blood alcohol level of .05% (Jones et al., 
2006), which is the alcohol consumption limit in many countries, including the United 
Kingdom (GOV.UK, 2015). The take home from this is that the human brain is not 
designed for 24 hrs of steady performance. This limits human performance if the brain is 
forced to work continuously without sleep; thus, the brain can spontaneously indulge in 
micro-sleeps, putting the individual and others at risk of accidents.   
Impulsiveness 
A tired brain as a result of sleep deprivation will crave stimulants such as caffeine, drugs 
and sugary food. Mednick et al., (2010) reported that the likelihood of drugs use increases 
by 19% when night sleep is less than 7 hrs (Mednick, Christakis, & Fowler, 2010). 
Caffeine or recreation drugs such as cocaine can be used to hyper-stimulate the brain and 
keep it awake during daytime. This works for a short period of time until fatigue (and 
micro-sleep) kicks in. On the other hand, antidepressants such as alcohol have been used 
as a sedative to ease the transition from wake to sleep; however, this does not provide 
“biological sleep”, meaning it does not provide a similar level of restorative function. 
Furthermore, alcohol can interrupt with the neural process associated with memory 
consolidation during sleep, which is why events are often forgotten after a night of 
excessive alcohol intake. 
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Weight gain 
Epidemiological studies in adults and children have consistently shown that sleep 
deprivation increases the likelihood of obesity and diabetes (Knutson & Van Cauter, 
2008; Spiegel, Knutson, Leproult, Tasali, & Van Cauter, 2005). Sleep loss is associated 
with dysregulation of the neuroendocrine pathways that regulate feeding (Yau & Potenza, 
2013). Sleep loss downregulates the release of leptin, which induces satiety; in turn 
promote ghrelin release, which stimulates hunger. Ghrelin acts in the brain, increasing 
the craving for carbohydrates, particularly sugars (Al'Absi, Nakajima, Hooker, Wittmers, 
& Cragin, 2012). Therefore, sleep induced tiredness increases metabolic predisposition 
to gain weight. 
Stress 
Sustained stress associated with sleep deprivation is a major challenge. A number of 
physiological consequences such as disruption of circadian rhythm which in turn affects 
performance, sleep patterns, increase accident rates, and overall mental and physical 
health have been linked to stress associated with poor sleep quality (Akerstedt et al., 2001; 
Grandner, Jackson, Pak, & Gehrman, 2012; Kageyama, Kobayashi, & Abe-Gotoh, 2011; 
Leger, Beck, Richard, Sauvet, & Faraut, 2014; Wolk, Gami, Garcia-Touchard, & Somers, 
2005; Yamaguchi & Kanemitsu, 2011). In addition, concrete evidence exists that 
suggests shift-workers have higher rates of cancer (S. Davis, Mirick, & Stevens, 2001; 
Megdal, Kroenke, Laden, Pukkala, & Schernhammer, 2005; Schernhammer et al., 2001). 
Stress increases the propensity to consume high sugary food (Al'Absi et al., 2012; Yau & 
Potenza, 2013). Persistent increase in glucose levels leads to glucose intolerance, type-2 
diabetes and other cardiovascular diseases. At present, it is unclear whether deterioration 
in cognitive performance after prolonged sleep deprivation is as a result of us being 
sleepy, stressed, or both - evidence available indicates that the relationship between sleep 
and stress is reciprocal, such that lack of sleep leads to stress, and stress may lead to 
disruption of sleep. 
Furthermore, stress caused by erratic sleep may lead to negative consequences on 
learning and memory. During early sleep, cortisol level drops due to the down regulation 
of the hypothalamic-pituitary-adrenal (HPA) axis, and at this period, the beneficial effect 
of sleep on memory consolidation is at its highest. Administration of cortisol during sleep 
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abolishes the beneficial effect of sleep on memory consolidation (Plihal, Pietrowsky, & 
Born, 1999).  This implies that, “bad sleepers”, which usually have cortisol arousal during 
bed time, may struggle to consolidate memory. Therefore, stress as a result of sleep 
deprivation has serious consequences, especially for the brain (Cirelli & Tononi, 2008). 
1.5.2 Sleep Disorders and Neurological Disorders 
It has been known for over 130 years that neurological disorders often result in concurrent 
sleep disorders (Kraeplin, 1883). However, this has been largely ignored. Neurological 
diseases such as Parkinson’s disease, multiple sclerosis, traumatic brain injury and stroke 
are often linked to sleep disorders (Baumann et al., 2007; Hermann & Bassetti, 2003; 
Kumar, Bhatia, & Behari, 2002; Veauthier & Paul, 2012). The relationship between sleep 
disorders and neurological disorders is complex, and may likely be a direct consequence 
of the disease or a more indirect outcome - for instance, due to complications associated 
with medication, stress, depression, pain and prolonged hospitalisation (Baglioni et al., 
2016; Sterr & Furlan, 2015; Sterr, Herron, Dijk, & Ellis, 2008). In addition, the sleep 
disorders may emerge years after diagnosis, and their manifestation may vary among 
individuals. For instance, 74 to 98% of Parkinson’s disease patients will develop some 
form of sleep disorder 10 years after their diagnosis (Goulart et al., 2009). Similarly, 
stroke patients often develop sleep-related disordered breathing in the long-term after 
injury (Hermann & Bassetti, 2003).  
Furthermore, the direct influence of neurological disease interacts with the indirect 
factors to cause sleep disorders (da Costa & Ceolim, 2013; Terzoudi et al., 2009). For 
instance, the lesion itself in stroke or brain injury may interfere with sleep regulatory 
pathways causing a significant impairment. This in turn can lead to malfunction of a 
peripheral component that may manifest as decreased muscle endurance, immobility or 
pain. The brain can also develop neuropathic pain, where it interprets touch, temperature 
or other stimuli as pain (Knotkova & Cruciani, 2010). This phenomenon can together be 
source of lack of sleep, with direct damage to sleep-wake areas of the brain, as well as 
immobility and pain. 
In addition, extrinsic factors mostly associated with prolonged hospitalisation can affect 
regular sleep. A cross sectional study of 117 patients carried out at the University Hospital 
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in Sao Paulo, Brazil investigated factors that affect sleep quality after 72 hrs of 
hospitalisation. Patients reported that excessive lighting (34%) and being woken up 
regularly by nursing staff for routine check-ups (33.3%) were among the leading factors 
that affected their sleep quality (da Costa & Ceolim, 2013). 
Finally, it should be noted that neurological disorders and sleep are not simply associated, 
but are physically linked in the brain such that the neuronal networks that promote normal 
sleep and mental health overlap. There is evidence that show that genes that regulate 
normal sleep, when mutated, predispose an individual to mental illnesses (Pritchett et al., 
2012; Wulff, Porcheret, Cussans, & Foster, 2009). A comprehensive review by Pritchett 
et al. (2012) showed that mutation in genes linked with schizophrenia also alter normal 
sleep (Pritchett et al., 2012). The opposite is also possible, with evidence that sleep 
disruption precedes certain types of mental illnesses. Waters et al., (2011) reported that 
many individuals predisposed to schizophrenia already have a sleep abnormality prior to 
their clinical diagnosis, and the progression of sleep disorder can promote severity of the 
symptoms (Pritchett et al., 2012; Waters et al., 2011). Sleep is also thought to play a role 
in functional recovery after brain injury such as stroke. It has been proposed that sleep 
may not only alter the efficacy of treatments but also enhance neurorehabilitation 
interventions. For example, Ebajemito et al. (2016) proposed that neuroplasticity based 
therapy such as tDCS, may be modulated by good quality sleep to promote functional 
recovery, since both tDCS and sleep exert their effect through a common mechanism that 
is the modulation of neuroplasticity processes. Taken together, sleep disruption may 
exacerbate mental illnesses by disrupting neuronal networks which regulate mental health 
and fostering emotional vulnerability, while good sleep may promote mental resilience 
and enhance neurorehabilitative interventions.  
1.5.3 Incidences 
Sleep disorders can occur to anyone, regardless of age, gender or socioeconomic status. 
Over the past century, the average amount of sleep that an individual gets per 24 hours 
has declined (Ohayon, Guilleminault, & Chokroverty, 2010; Thorpy, 2009). Sleep 
epidemiological studies have shown that there is increase in sleep disorders and sleep 
deprivation (Ohayon et al., 2010), with the latter often present undiagnosed. There seem 
to be geographical differences in sleep durations. A representative sample of 2000 British 
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adults reported increased sleep problems, with women reporting more sleep problems 
compared to men (Groeger, Zijlstra, & Dijk, 2004). In the US, self-report sleep duration 
in the 1960s has decreased from 8 hrs to about 7 hrs or less in a 2005 survey (Hammond, 
1964; National Sleep Foundation, 2005). Comparison of the British survey to the US 
national sleep poll revealed that the British had similar or lower sleep per night. Whereas, 
comparing current mean British sleep duration to 40 years ago showed that Britons do 
not sleep less than they used to (Groeger et al., 2004), but perhaps, sleep less than they 
need to due to increasing demand of modern society (Utsugi et al., 2005). Other surveys 
show that Japanese have an average of 6.1 hrs of sleep, Finns have 7.3 hrs of sleep, while 
Bulgarians have 7.9 hrs of sleep.  
1.5.4 Treatment Options 
Treatment of sleep deprivation is aimed at targeting factors that affect sleep loss and 
prolonged wake. The environment in which we sleep can influence the quality and 
quantity of sleep. A clean, quiet and comfortable bedroom with cool temperature is 
important for good sleep. Light exposure at least 30 min before bed time is not advised 
because light levels increases alertness and will delay sleep onset. In addition, excessive 
caffeine intake should be avoided, and ideally, none taken after lunch. In the morning, 
increased exposure to light is beneficial to induce wake because light is a good zeitgeber 
of the biological clock to the light-dark cycle (as discussed above). In addition, it is 
important to understand the body’s sleep needs. Some people need more than 8 hrs of 
sleep, while others need less. 
The evaluation of sleep disorders by a professional sleep expert is essential to identify 
and tackle the sources of the problem. In certain situations, medication or surgical 
approach may be required to treat underlying medical conditions, for example, in 
insomnia. A common technique for treating insomnia is the use of cognitive behavioural 
therapy for insomnia (cBTi). This technique aims to help improve sleep without the use 
of medications by identifying the source of the problem and inducing behavioural 
changes that will help treat the sleep problems. This may include the use of stimulus 
control, sleep restriction, relaxation therapy and cognitive control therapy.  
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1.6 tDCS and Sleep 
Previous sections have detailed that tDCS can modulate learning and memory 
consolidation. In addition, there is evidence that sleep can modulate both of these 
processes. Furthermore, the underlying processes by which tDCS and sleep enact their 
effect seem to be very similar, with both affecting the LTP-like neuronal plasticity 
changes which underlie learning and memory. This thesis builds on the previous research 
that show that tDCS as well as sleep modulate learning and memory as detailed in Section 
1.2.1 (tDCS) and Section 1.4.4 (sleep) (Boggio et al., 2009; Coffman et al., 2014; Cohen 
et al., 2005; de Vries et al., 2010; Eggert et al., 2013; Fischer et al., 2002; Hoy et al., 
2013; Turi et al., 2014; Wu et al., 2014; Zaehle et al., 2011). There is also some evidence 
that tDCS and sleep can modulate learning in combination (Diekelmann, 2014; Lo, Dijk, 
& Groeger, 2014; Marshall, Molle, Hallschmid, & Born, 2004; Reato et al., 2013); 
however, there are limitations and gaps in the literature which will be addressed in this 
thesis. The proposed application of tDCS and sleep can be found in Table 1.3. 
Memory consolidation can be affected by the combination of tDCS and sleep. tDCS may 
have an effect on sleep-induced plasticity, and sleep quality may have an effect on tDCS 
induced plasticity (Lo et al., 2014; Marshall et al., 2004; Reato et al., 2013). The 
beneficial effect of using tDCS to enhance sleep-induced memory consolidation was first 
investigated by Marshall et al. (2004) using word-pairs learning task to assess declarative 
memory and mirror tracing task to assess non-declarative memory. tDCS or sham 
stimulation was applied during SWS-rich sleep, as depicted in Figure 1.14A, and this 
was compared to a wake control group (Marshall et al., 2004). Their results show 
significant enhancement of declarative memory with anodal tDCS to the frontocortical 
areas during SWS-rich sleep (Figure 1.14B), while non-declarative memory was not 
affected; Figure 1.14C (Marshall et al., 2004). The same research group also measured 
slow-wave oscillatory potential during tDCS application. tDCS was discovered to 
enhance the generation of slow oscillatory EEG activity, which is considered to facilitate 
neuronal plasticity (Marshall, Helgadottir, Molle, & Born, 2006; Pascual-Leone et al., 
2005). This finding of the modulatory effect of tDCS on sleep has since been replicated 
by Reato et al. (2013) using computational modelling. Another study by Frase et al., 
(2016) showed that bifrontal anodal tDCS can modulate sleep continuity by decreasing 
total sleep time (TST). These studies corroborate the idea that sleep and tDCS can exert 
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their effect on each other by modulation of neuroplasticity processes during learning and 
memory.  
Assuming that tDCS and sleep both alter neuroplasticity processes as suggested by 
previous studies, then the effect of tDCS may differ between individuals with good and 
poor sleep (good and poor sleepers). This possibility has possible implications for the 
efficacy of tDCS within both non-clinical and clinical population, where sleep may affect 
a variety of physiological mechanisms. However, despite available studies that have 
investigated the effect of tDCS on sleep-induced memory consolidation, the effect of 
sleep on tDCS enhanced learning has not yet been addressed and this represents a 
significant gap in the literature.   
              
 
 
Figure 1.14 | Boosting slow oscillations using tDCS during sleep potentiates memory a) 
Experimental timeline showing time points of learning and recall of memory tasks, tDCS 
intervals (red) and sleep hypnogram; b) Performance on the declarative memory task expressed 
as number of correct words recalled after a retention period of sleep with tDCS or sham 
stimulation, showing a significant improvement in recalled words with stimulation compared to 
sham stimulation; c) Performance speed on the non-declarative procedural motor skill task after 
a retention period of sleep with tDCS or sham stimulation, showing no significant improvement 
in speed with stimulation compared to sham stimulation (Marshall et al., 2006). 
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Table 1.3 | The effect of a) tDCS, b) sleep, and c) tDCS combined with sleep on learning and 
memory with their potential mechanisms of action and outcomes.  
 
Application Potential Mechanisms Outcome 
A 
 
 
                                                 
 
tDCS as a stand-alone  
 The modulation of 
neuroplasticity processes such 
as LTP/LTD-like mechanism. 
Enhanced learning and 
memory abilities, such 
as working memory and 
motor learning. 
B 
 
                          
Interval between 
learning and recall filled 
with good quality sleep 
 -Synaptic downscaling 
 Memory reactivation (neural 
replay) memory consolidation 
and stabilisation 
 -Reduced memory decay and 
reduced interference 
Improved performance 
and enhancement of 
previously learned 
skills. 
C 
 
tDCS 
applied 
during sleep 
 -Increase in local SWS 
 -Combined mechanism of sleep 
and tDCS described above 
Improved performance 
in declarative memory 
when tDCS is applied 
during SWS. 
 
1.6.1 Limitations in tDCS/Sleep Literature 
The previous section has highlighted the link between tDCS and sleep. However, sleep 
as a potential variable in tDCS application is often ignored. Generally, variabilities in 
tDCS outcomes (discussed in Section 1.2 & 1.3) across the literature are often blamed on 
differences in parameters of stimulation (current intensity, duration of stimulation, and 
electrode placement), due to lack of standardized tDCS protocols (Fertonani & Miniussi, 
2016; Li et al., 2015). Level of education and task difficulty has also been implicated in 
the differences in tDCS-effect (Berryhill & Jones, 2012; Jones & Berryhill, 2012; 
Sandrini et al., 2012). Although, practicality issues may be strongly associated with 
variabilities in tDCS outcomes, surprisingly, some studies that have applied identical 
stimulation protocols have reported different tDCS outcomes (Horvath, Forte, & Carter, 
2015; Jacobson, Koslowsky, & Lavidor, 2012), while some participants within a study 
have not responded to tDCS as others (Boggio et al., 2006; Lopez-Alonso, Cheeran, Rio-
Rodriguez, & Fernandez-Del-Olmo, 2014). This highlights the potential influence of 
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inter-individual variability such as brain anatomy, physiological state, hormones, genetic 
makeup, age, medication and sleep to influence tDCS efficacy (Fertonani & Miniussi, 
2016), thus leaving a major gap in the literature that needs to be explored.  
Often, studies that have investigated tDCS-effect on cognitive function show more 
contrasting findings compared to motor function studies (Jacobson et al., 2012; Horvath 
et al., 2015; Hill et al., 2016). For example, meta-analysis of 59 pooled studies which 
applied single-session tDCS in healthy adult subjects did not find a significant effect on 
cognitive task (Horvath et al., 2015). Moreover, this report is debatable as not all potential 
confounding variables such as time of the day, sleep, nutrition status, stress levels were 
accounted. A review by Jacobson and colleagues (2012) revealed that the probability of 
a researcher to obtain a facilitatory effect on motor functions with tDCS is about .67. In 
contrast, the probability of obtaining a facilitatory effect on cognitive functions is about 
.16; χ2 (1) = 9.18, p < .01 (Jacobson et al., 2012). First, this is partly due to the complex 
and numerous neuronal networks required for accomplishing a cognitive task such as 
language learning (Catani, Jones, & ffytche, 2005); and secondly, as proposed in this 
thesis, this may be due to a number of modulators that may potentially affect cognitive 
function such as sleep. This leaves a number of gaps in the literature that should be 
addressed. Till date, research into the potential inter-individual differences that can 
modulate tDCS efficacy is relatively sparse, with a majority focusing on anatomical 
differences amongst subjects (Chi, Fregni, & Snyder, 2010). In light of these contrasting 
findings, inter-individual differences that may potentially modulate tDCS efficacy 
presents a significant limitation to the outcome of the technique. Lack of understanding 
of these modulators may threaten the future of tDCS.  
The evidence presented in the previous section, which suggests that sleep and tDCS act 
through similar mechanism, support the idea that lack of sleep assessment in tDCS studies 
may account for variability in responses to stimuli across the literature. This variability 
may be due to differences in sleep habits amongst individuals, especially in the context 
of tDCS-enhanced learning. In addition, human tDCS studies are often conducted in well 
controlled laboratories, which do not necessarily reflect what goes on in real world. 
Although, a wealth of knowledge exits that link abnormal sleep as a risk factor of a 
number of diseases such as cardiovascular diseases and stroke (Hermann & Bassetti, 
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2003; Sharma & Kavuru, 2010; Sterr et al., 2008; Wolk et al., 2005), there are also 
evidences that associate poor sleep with negative outcomes during treatment and recovery 
(Bassetti, Cam, Zunzunegui, Hodor, & Gao, 2011; Terzoudi et al., 2009). Lack of sleep 
report in tDCS studies has left a gap in the literature that needs to be explored.  
 
Till date, no study has addressed the effect of natural sleep quality on tDCS efficacy. 
More importantly, no study has addressed the effect of partial chronic sleep deprivation, 
which is an under diagnosed condition, on tDCS efficacy. In addition, research into the 
optimum time of the day for tDCS application has not been addressed in the literature. 
Different studies adopt different testing times for tDCS application, not considering the 
fact that available empirical evidence suggests that optimal and non-optimal performance 
testing time as a result of diurnal preference may potential bias tDCS outcomes 
(Goldstein, Hahn, Hasher, Wiprzycka, & Zelazo, 2007; Hasher, Zacks, & May, 1999). 
This leaves a crucial gap in the literature that needs to be addressed in order to assess any 
potential effect of diurnal preference on tDCS efficacy, and if present, determine the 
optimum time of the day for tDCS application based on individual chronotypes.  
Lastly, it is now common knowledge that interval between learning and retest, if filled 
with good quality sleep is beneficial to learning and memory compared to learning 
interval filled with wake (Cohen et al., 2005; Fischer et al., 2002; Korman et al., 2007; 
Walker et al., 2003). Also, the detrimental effect of partial or total sleep deprivation on 
performance is also well established in the literature (Alhola & Polo-Kantola, 2007; 
Bonnet, 1986; Campbell et al., 2002; Cohen et al., 2005; Couyoumdjian et al., 2010; 
Fischer et al., 2002; Heuer, Kohlisch, & Klein, 2005; Korman et al., 2007; Walker et al., 
2003; Wimmer, Hoffmann, Bonato, & Moffitt, 1992). There have been several attempts 
to estimate how long it will take for performance recovery after sleep deprivation. It has 
been reported that it takes about a night (8 hours) of sleep for performance recovery 
following 40 hrs (Rosa, Bonnet, & Warm, 1983), 64 hours (Beaumont et al., 2005), and 
up to 110 hrs of sleep loss (Hartley, 1974). This suggests that the cost of sleep deprivation 
is not equal to the amount of sleep. However, it is still unknown whether tDCS, if applied 
after prolonged wakefulness, can compensate for performance decline as a result of sleep 
loss. Alternatively put, it is unknown if tDCS can reduce the time required for recovery 
from sleep loss or prolonged wakefulness. That said, it is obvious that the existing tDCS 
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and sleep literature presents several gaps which are yet to be explored. Although, it may 
seem far-fetched to address all these questions, the future of tDCS depends on the depth 
and comprehensiveness of the knowledge available to us. With this knowledge, 
neuropsychologists and clinicians can effectively design and implement tDCS 
interventions that take sleep into consideration for optimum results.  
1.7 Research Aims 
1.7.1 Addressing Limitations 
The nature of this research thesis involves tackling a seemingly present, but yet relatively 
new or ignored aspect of brain stimulation, which is factors that affect tDCS efficacy, 
specifically focusing on sleep. To address the limitation in the literature, available 
theoretical research and empirical data will be used to develop appropriate studies, using 
existing or modified methodologies in order to shed more light on the role of sleep on 
tDCS-enhanced learning.  
Although, enhancing learning and memory using tDCS and sleep is a relatively new field 
of research, we are now beginning to understand the link between both. This research 
will determine the optimal sleep quality to enhance the tDCS-effect, both in terms of 
sleep quality, quantity and timing. The neuroplasticity processes that link sleep and tDCS 
will be explored to access the effect sleep and tDCS exert on each other during learning. 
Natural sleep quality will be assessed using objective and subjective tools in order to 
understand tDCS and sleep-effect in real world conditions. Using these tools, the impact 
of chronic sleep deprivation on memory and tDCS will be investigated. Taken together, 
this research will not only provide us with new insights into sleep and tDCS as means to 
augment our cognitive capabilities in learning domains, it will also help us appreciate 
sleep as potential mediator of human cognition enhancement. The overall research aims 
and research questions highlighted below will be addressed.
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1.7.2 Overall Thesis Aims  
1. To investigate the effect of good sleep and bad sleep on tDCS-enhanced learning. 
2. To investigate the effect of circadian mis-/alignment (time of the day) on tDCS-
enhanced learning.  
3. To investigate the modulatory effect of sleep on tDCS-enhanced delayed recall.   
1.7.3 Major Research Questions 
1. What is the effect of good quality sleep and bad quality sleep on 
declarative memory performance in a non-clinical population? 
2. How does good or bad quality sleep affect tDCS efficacy in a non-clinical 
population? 
3. Does circadian alignment (diurnal synchrony) or misalignment (diurnal 
desynchrony) affect performance on a declarative task? 
4. What effect does diurnal synchrony or desynchrony have on tDCS-
enhanced learning?
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1.8 Conclusion 
This chapter has provided a detailed background on NIBS, with a focus on tDCS. It is 
evident that tDCS is gaining vast popularity among researchers and clinicians, due to the 
variety of modalities and potential benefits. However, a literature review on a number of 
tDCS applications in altering cognitive functions in healthy subjects, and also in 
neurological and psychiatric diseases demonstrates that there are inconsistencies in tDCS 
outcomes, often due to differences in protocols and insufficient knowledge on tDCS 
modulators. This thesis focuses on sleep as a potential modulator of tDCS efficacy, which 
may potentially be responsible for the variabilities in tDCS outcomes. Furthermore, 
evidence presented that tDCS and sleep exert their biological effects through modulation 
of the same neuroplasticity processes, providing the theoretical perspective this thesis 
builds upon.  
If we understand how tDCS-enhanced learning is affected by sleep, it will help us develop 
novel tDCS therapeutic interventions in a more person-centred approach, taking account 
of their sleep habits. Overall, this thesis allows us to outline the potential influence of 
sleep on tDCS efficacy in non-clinical population. This will help develop suitable 
standards for researchers and neuropsychologists when applying tDCS for other 
neurological disorders where sleep is a component.
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CHAPTER 2 
Methodology 
  
Overview 
This chapter presents the research methods and analysis used in each of the three studies 
carried out for this thesis (Presented in Chapters 4-6). The mutual information about 
participants, design, materials, procedure and statistical data will be discussed here. 
Specific protocols for each study will be described in detail in the corresponding chapters.  
 
The aim of this thesis was to investigate the modulatory effect of sleep on transcranial 
direct current stimulation (tDCS) enhanced learning with the following studies: 
Chapter 4: Study 1, tDCS-enhanced learning in good sleepers and bad sleepers 
Chapter 5: Study 2, the effect of circadian mis-/alignment on tDCS-enhanced learning 
Chapter 6: Study 3, the modulatory effect of sleep on tDCS-enhanced delayed recall 
2.1 Design 
All studies carried out in this thesis were made up of two subject groups/conditions, that 
is, good sleepers and bad sleepers (Study 1), morning and evening chronotype (study 2), 
and sleep and wake condition (Study 3). The studies carried out for this thesis were also 
designed to fully account for the tDCS-effect, that is, fundamental design parameter of 
each study investigated performance with real tDCS compared to sham stimulation. The 
suitability of potential participants to take part in each study was determined through pre-
study screening using general inclusion criteria and tDCS screening form. This was 
followed by selection of study group using respective sleep assessment criteria (Figure 
2.1).
 75 
 
  
Figure 2.1 | Study Flow Chart. ⇌ Indicates counterbalanced order across study sessions.   
2.2 Participants 
All studies within this thesis report data from young adults, aged between 18 to 30 years 
old, studying at the University of Surrey at undergraduate or postgraduate level. Detailed 
demographics are presented within each study chapter (Chapter 4-6). Due to the use of 
tDCS intervention, strict exclusion/inclusion criteria were adopted, as detailed below.  
2.2.1 Recruitment 
Advertisement for volunteers was done by poster, email and the School of Psychology 
cloud-based participant management software SONA systems (surrey-uk.sona-
systems.com/). Posters were placed around the university campus, and emails were sent 
to all faculty undergraduate and post-graduate students. Inclusion/exclusion criteria were 
used in recruitment of participants. In particular, once participants registered an interest 
in the study in question, they were sent a screening form to ensure safe use of tDCS 
procedure (see Appendix B2), and to ensure no use of sleep modulation substances (or 
activities) 24 hours prior to experiment. The main criteria are detailed below:
Pre-Laboratory Screening 
General Inclusion Criteria Screening,  
Sleep-Modulating Exclusion Criteria Screening,  
tDCS screening 
Laboratory Screening 
Group Selection According to Specified Criteria  
 
Group/Condition 1 Group/Condition 2 
tDCS 
Sham 
Stimulation tDCS 
Sham 
Stimulation 
⇌ ⇌ 
 76 
 
General Inclusion Criteria 
 Healthy male or female ages 18-30 years 
 No implanted pace-maker or any bio-electric devices 
 Right handed 
 Willing to give oral and written consent 
  
Sleep-Modulating Exclusion Criteria 
 Free of medications 
 Agree to refrain from alcohol, caffeine, heavy exercise and carbonated drinks 24 
hours before the study 
 
tDCS-related Exclusion Criteria (full screening form available in Appendix B2) 
 Pregnant 
 Any implant pace-maker or bio-electric devices 
 Have a familial or personal history of epilepsy, convulsion or seizure 
 Have a history of drug or alcohol abuse 
 Have taken any medication within 2 weeks prior to the study apart from 
contraindicative medication with known effect on seizure threshold (full list of 
excluded medication available in Appendix B3). 
2.2.2 Ethical Approval 
The tDCS protocol, including sleep assessment and cognitive tests received favourable 
ethical approval from the University of Surrey Ethics Committee. All studies were 
conducted in compliance with the University’s Ethical Principles and Procedures for 
Teaching and Research. All participants gave written and oral informed consent prior to 
participating in these studies. A copy of the consent forms can be found in Appendix A1 
- A6.
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2.3 Measurements and Assessments 
2.3.1 General Screening Forms 
General Demographics Screening Form 
The general demographics screening form was designed to collate information from 
participants regarding to their age, gender, academic level, and other factors that may be 
of concern to the study such as learning disabilities, linguistic expertise, sleep pattern, 
colour blindness or eye defects. A copy of this form can be found in Appendix B1. 
tDCS Screening Form 
As discussed above, all potential participants filled out a tDCS screening form 
(Appendix B2) to assess their eligibility and ensure safe use of the technique. The 
possible hazards of tDCS were explicitly explained to participants, they were encouraged 
to ask any questions about the screening, and they were informed they could withdraw at 
any point without disclosing the reasons for withdrawal. In addition to the screening 
form, if participants indicated the use of medication, then additional documents on 
contraindicated medications (see Appendix B3) was used.    
Edinburgh Handedness Inventory (EHI) 
The EHI (Oldfield, 1971) is an assessment tool to confirm the dominant hand of an 
individual, and used to ensure that participants were right handed. The EHI contains 
questions on which hand is mostly used for writing, drawing, throwing, handling a 
scissors, toothbrush, knife, broom, spoon, striking a match and opening a box. The EHI 
has a test-retest reliability of .91 (McFarland & Anderson, 1980). A copy of the EHI can 
be found in Appendix B8. 
2.3.2 Clinical Co-variable 
Hospital Anxiety and Depression Scale  
HADS is a self-report questionnaire used to identify possible presence of depression and 
anxiety (Zigmond & Snaith, 1983). Although, HADS was developed as a clinical 
screening tool, it was applied in this study to assess anxiety and depression prior to study 
because current mood and motivation may affect behavioural outcomes and lead to 
variation in performance (Schabus, Hödlmoser, Pecherstorfer, & Klösch, 2005). 
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Furthermore, the validity and reliability of HADS as a screening tool for clinical and 
research purposes have been confirmed by multiple studies (Flint & Rifat, 2002; 
Johnston, Pollard, & Hennessey, 2000; Stafford, Berk, & Jackson, 2007). The HADS 
contains 14 items, which generates two composite scores that contribute to 2 subscales 
equally, that is, anxiety (7 items) and depression (7 items). Scores between 0-7 are 
considered normal; 8-10 are borderline normal, while 11-21 are abnormal. Cronbach’s  
values for the HADS (all items) has been reported to be .87, and .83 and .73 for anxiety 
and depression respectively (Martin et al., 2004). A copy of the HADS can be found in 
Appendix B7. 
2.3.3 Sleep Assessments 
Sleep was measured using both subjective questionnaire data to assess overall sleep 
quality (Pittsburg Sleep Quality Index), diurnal preferences (Morningness-Eveningness 
Questionnaire), and sleepiness on the day of the task (Karolinska Sleepiness Scale), and 
objective sleep quality was measured using actigraphy in Study 1.  
Pittsburgh Sleep Quality Index (PSQI) 
The PSQI is a self-report questionnaire used for clinical and research purposes to identify 
individuals as good sleepers or bad sleepers (Buysse et al., 1989). In clinical practise, 
PSQI is used to screen patients for the presence of minor to severe sleep disturbances. In 
addition, it can also be used to identify sleep disturbances that are comorbid with 
maladies such as stroke, Parkinson’s disease, Alzheimer’s disease and dementia. The 
PSQI assesses sleep quality based on a series of questions about a person’s sleep 
environment and habits over a period of one month. There are 19 items in the 
questionnaire (see Appendix B4), with 7 sleep sub-components. Certain items are used 
to create each component which represent a sleep parameter (see Table 2.1) according 
to the PSQI scoring instruction (see Appendix B4). Each component score is rated on a 
Likert scale from 0-3. The total sum of all component scores generates a global PSQI 
score, which indicates the overall subjective sleep quality. Global PSQI score has a 
minimum of 1 and a maximum of 21. Scores < 5 are associated with good sleep quality, 
while scores > 5 are associated with poor sleep quality (Buysse et al., 1989).  Global 
score correlation coefficient for test–retest reliability is .87 (Backhaus et al., 2002).
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Table 2.2 | The seven sleep components of the Pittsburgh Sleep Quality Index (PSQI) 
questionnaire. A descriptive of what the parameter measures and how many items of the PSQI 
are used to create them are also illustrated.  
  
Morningness and Eveninigness Questionnaire (MEQ) 
The MEQ is a self-assessment report questionnaire used to evaluate individual diurnal 
preferences (Horne & Ostberg, 1976), with subjects categorised into morning, evening, 
or intermediate circadian rhythm type. Test–retest reliability of the MEQ has been 
reported to be .90 (Cronbach’s alpha = .77; Jung et al., 2014). There are 19 items about 
daily sleep-wake habits, and the time of the day preferred to undertake certain activities. 
Overall, the MEQ is designed to identify if a person performs at optimum level in the 
morning, evening, or in-between based on their level of alertness, sleep habits and diurnal 
activities (Horne & Ostberg, 1976). Genetic variability, age and non-shared 
environmental factors have been implicated in the predisposition to different diurnal 
preferences (Hur, Bouchard, & Eckert, 1998). A copy of the MEQ can be found in 
Appendix B5. 
The 19 items in the questionnaire have 6 possible answers on a Likert-scale, ranging from 
0-5. Scores obtained from the questionnaire can be transformed into a common score, 
which categorises individuals into different chronotypes: evening type (16 to 41), 
intermediate type (42 to 58), morning type (59 – 100).
Sleep parameter  Description Number of items 
Subjective sleep quality How restful or refreshing sleep is 1 
Sleep latency 
Time it takes to fall asleep after going 
to bed 
2 
Sleep duration Total time spent asleep 1 
Habitual sleep efficiency 
The proportion of time spent sleeping 
over the total time in bed 
3 
Sleep disturbances 
Physical, mental, psychological 
problems that affect sleep 
9 
Use of sleep medication 
Use of any sleep inducing or 
maintaining drug 
1 
Day time dysfunction 
How fatigue affects normal function 
during the day 
2 
 Total 19 
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Karolinska Sleepiness Scale (KSS) 
The KSS (Akerstedt & Gillberg, 1990) was used to assess current state of sleepiness on 
a scale of 1 (very alert) to 9 (very sleepy) both before and after the memory task. Several 
studies have validated the KSS and found a strong positive correlation with alpha and 
theta EEG activity (Akerstedt & Gillberg, 1990; Horne & Baulk, 2004), which signifies 
drowsiness or sleepiness. The KSS offers a convenient measure of subjective sleepiness 
in daily activities and laboratory studies (Gillberg, 1998; Reyner & Horne, 1998). A copy 
of the KSS can be found in Appendix B6. 
Actigraphy 
Wrist actigraphy is based on the fact that during sleep there is less movement and during 
wake there is increased movement. There are different types of Actigraphy, each with its 
unique features and mode of operation. In this study, we made use of the Actiwatch 
(Cambridge NeuroTech Ltd) shown in Figure 2.2A. The device contains a piezo-electric 
accelerometer which generates signals when movement occurs, and one can visually 
observe active and quiescent periods from a computer screen when the data is analysed. 
The Actiwatch detects and logs movements that exceed .05 g at a frequency of 32 Hz 
with 1 min epochs. Sleep parameters such as sleep duration, percentage sleep efficiency, 
sleep latency, movements and sleep fragmentation index are generated from the 
Actiwatch’s Sleep Analysis Software (version 5.48, Cambridge Neurotechnology Ltd) as 
shown in Figure 2.2B. Actigraphy measures movement, while polymsomnography 
measures physiological sleep, therefore, it is expected that data from both techniques may 
not completely mirror each other (Kryger et al., 2011; Lichstein et al., 2006; Riedel & 
Lichstein, 1998). Interestingly, studies have shown that Actiwatch sleep parameter data 
such as total sleep time, sleep efficiency and number of awakening does not significantly 
differ from conventional polysomnography and subjective reports (Ancoli-Israel et al., 
2003; Cole, Kripke, Gruen, Mullaney, & Gillin, 1992; Kushida et al., 2001; Weiss, 
Johnson, Berger, & Redline, 2010).  In Study 1, the Actiwatch was used to monitor 
subjects sleep/wake activity for a period of 1 week and this data was compared to 
subjective sleep assessment (PSQI). Sleep fragmentation index, which is the amount of 
sleep interruptions by physical movement was used to characterise subjects as good 
sleepers or bad sleepers (Haba-Rubio, Ibanez, & Sforza, 2004). This was automatically 
calculated by dividing the number of groups of consecutive immobile 30 s epochs by the 
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total number of immobile epochs and multiplying this value by 100 (according to the 
Cambridge Actiwatch Activity Monitoring System User Manual). 
 
              
 
         
Figure 2.2 | a) Actiwatch (Cambridge NeuroTech Ltd); b) One day unscored sleep/wake 
actigraphy. The turquoise shaded box indicates where sleep most likely occurred. Other 
parameters that can be generated from the Actiwatch include sleep duration, % sleep efficiency, 
sleep latency, movements and sleep fragmentation index (disturbances).
a) 
b) 
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2.3.4 Cognitive Tasks 
Word-list Learning Task 
The word-list learning task is a commonly used behavioural task for assessing memory 
function in non-clinical participants (Drummond et al., 2000; International Consortium 
for Blood Pressure Genome-Wide Association et al., 2011; Quigley et al., 2000), as well 
as in cognitively impaired individuals such as Alzheimer’s disease (AD) and mild 
cognitive impairment (MCI) (Baek, Kim, & Kim, 2012; Dierckx et al., 2011; Libon et 
al., 2011; O'Carroll, Conway, Ryman, & Prentice, 1997). Although, the word-list learning 
task is a relatively simple task, it provides useful insights into the processing of memory 
consolidation and recall (Baek et al., 2012). Typically, participants are shown several 
words on a computer screen - one word at a time, and are asked to complete an immediate 
recall by either writing as many words they can remember or by giving their responses 
verbally (Quigley et al., 2000). The word-list learning task is useful to assess the simplest 
form of memory using the free recall paradigm, in which after learning a list of words, 
subjects are asked to retrieve the list of words in any order and they are free to use any 
strategies they want. In addition, some studies may have a delayed recall design (Baek et 
al., 2012; O'Carroll et al., 1997), in order to access retroactive or proactive interference 
as well as memory consolidation over time.  
Although, it is now evident that sleep loss compromises day time function, long and 
monotonous cognitive tasks are more sensitive to the effect of total or partial sleep 
deprivation (Angus, Heslegrave, & Myles, 1985; Caldwell & Ramspott, 1998). The word-
list learning task difficulty can be altered by altering the number, length, familiarity, or 
concreteness of words, as well as the duration of presentation and the number of 
repetitions. Difficulty can be taken a step further by using a word recognition paradigm 
in which participants are asked to recall words just seen from a list of irrelevant 
distractions (Watkins, Neath, & Sechler, 1989; Watkins & Sechler, 1989). Taken 
together, the word-list learning task is a useful tool in assessing learning ability and 
memory function.  
The words used along with the exact protocol for this task was refined using pilot studies 
(see Chapter 3) to ensure task sensitivity and behavioural effects were observed. The 
words used were selected from the Medical Research Council (MRC) psycholinguistic 
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dataset (Wilson, 1988). The MRC database is made up of 150837 machine usable words 
with over 26 linguistic and psycholinguistic attributes for each word, which enables for 
the adjust for the length of words, familiarity and concreteness. The database has been 
widely used by researchers in psychology or linguistics to develop experimental stimuli, 
or those in artificial intelligence and computer programming for description of words 
(Wilson, 1988). The words used for the immediate recall task (Chapter 4 & 5) are 
described in their respective chapters and Appendix B9.  
Paired-associate Learning Task 
The paired-associate learning (PAL) task was used to investigate the effect of tDCS on 
learning after a period of sleep or wake in Study 3 (see Chapter 6). This task has 
previously been used to investigate the effect of sleep on learning and memory (Marshall 
et al., 2006; Plihal & Born, 1997), as well as the effect of sleep on tDCS (Marshall et al., 
2004). Associative learning was used in Study 3 because unlike the immediate recall 
paradigm of the word-list learning task used in Study 1 and 2, PAL-task enables stronger 
memory consolidation over sleep or wake because of the stimuli-response design of the 
task. In order words, a learner is much more likely to recall words if given a stimulus 
during the recall session of the task. In addition, the PAL-task is relevant for everyday 
learning as most individuals learn new words by pairing the word with the concept it 
represents. Therefore, the PAL-task provides useful insights into memory consolidation 
and recall over sleep or wake.  
Typical experimental design using the PAL-task consist of a number of paired words 
displayed on a computer screen during learning session, after which memory retention is 
assessed by the number of second half of the word-pairs recalled when subjects are tested. 
During the recall session, subjects are shown half of the word pair and asked to provide 
the other half either through written, verbal, or typed responses. Using this paradigm, 
studies have shown that testing after sleep increases performance compared to testing 
after prolonged wakefulness (Marshall et al., 2006; Marshall et al., 2004; Plihal & Born, 
1997).   
A number of electronic databases exist which provide valuable resources for selecting 
word pairs for psychological research (Fellbaum, Hahn, & Smith, 2006); for example, 
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WordNet (wordnet.princeton.edu) and The University of South Florida free association, 
word fragment database (Nelson, McEvoy, & Schreiber, 2004). Here, we made use of 
the subtitle-based word frequencies database from the British English Lexicon Project 
(SUBTLEX-UK database) (Balota et al., 2007; van Heuven, Mandera, Keuleers, & 
Brysbaert, 2014). This database was developed through the collaborative effort of 
multiple universities and it provides standardized behavioural and descriptive datasets 
for 40,481 words and 40,481 non-words (Balota et al., 2007). This research thesis made 
use of 2 lists of 50 moderately related paired-associates (for example, HAT-TRICK, 
KICK-START). Both lists were counterbalance across the sleep session and wake 
session. Across both lists, the frequency of use count was 3.5. Based on word frequency 
norms, the words averaged at 510.5 in the British National Corpus of English usage. In 
addition to the 50 words, there were 8 buffer words at the beginning and at the end of 
both lists to cancel out primacy and recency effect (Deese & Kaufman, 1957; Murdock, 
1962). The PAL-task was designed and presented via Presentation® (Neurobehavioural 
Systems Inc, Berkeley California). The first words were displayed on the left side of the 
screen for 4000 ms, followed by a second word on the right side of the screen for 4000 
ms. Participants were instructed to form an association between both word pairs, either 
by imagining an image or a phrase combining both words in the pair as this will enable 
them recall the word pairs during subsequent retest.  
During the recall session, single words (words on the left) from the word pairs previously 
learned were shown on the computer screen. Participants were required to either write 
down the second half of the word pair (as in Pilot Study 4 in Chapter 3) or type their 
responses (as in Study 3 in Chapter 6). Number of correct responses were converted to 
percentage scores and used as an index of learning. 
2.4 Procedure 
2.4.1 Initial Screening 
The PSQI/MEQ/EHI/HADS, tDCS screening and general demographics forms were 
handed out to participants for screening and to group them depending on the study (Study 
1: good sleepers/bad sleepers; Study 2: morning/evening chronotype; Study 3: 
sleep/wake). 
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2.4.2 Experimental Session 
All experiments were carried out in compliance with the standard operating procedures 
(SOP) of tDCS within the School of Psychology, Brain and Behaviour Group at the 
University of Surrey to ensure the safety of both participants and researchers during tDCS 
sessions. All experiments were conducted in Room A (Neurostimulation room) in 
37AC04, within the laboratories of the Brain and Behaviour Group (Figure 2.3A). The 
room was well lit and ventilated, while temperature was kept at room temperature. First 
Aid kits and a telephone with security contact number were available in the case of an 
emergency. Upon arrival, participants were briefed of procedure to follow in the event of 
fire. During the study sessions, the experimenter waited at the lounge area of 37AC04, 
located outside the room and the subject can be observed through a glass on the door. 
This is to prevent distracting the participant during the study, while still able to check on 
the participant regularly.  
As discussed above, participants were sent screening forms to ensure that they met the 
safety criteria for tDCS, as well as the inclusion/exclusion criteria for the study. On arrival 
on the day of experiment, these criteria were asked again to ensure no change in status 
before proceeding. The information sheet, consent form and questionnaires (EHI, KSS 
etc.) were also handed out. After participants gave informed consent, tDCS was first 
setup, and then the word-list learning task or PAL-task. Finally, the word-list learning 
task or the PAL task was started concurrently with tDCS (Figure 2.3B).
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Figure 2.3 | a) The electrophysiological lab where all the experiments took place b) Experimental 
set up showing a participant sitting 80 cm from the computer monitor. Word-list learning task or 
PAL-task was carried out concurrently with tDCS or sham stimulation.
a) 
b) 
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2.4.3 tDCS protocol 
tDCS Hardware 
A DC-stimulator (MagStim DC-Stimulator Plus, GmbH Germany) was utilised in all 
experiments for the delivering of real or sham electrical stimulation. The tDCS devices 
used is CE certified (CE 0118) under the medical device directive (93/42/EEC). Other 
accessories of the DC-stimulator include, rubber electrodes (35 cm2; 5 × 7 cm), 2 
electrode sponges (35 cm2; 5 × 7 cm) and 2 electrode Cables (150 cm). Current was 
applied from the DC-stimulator via wires from the stimulator to rubberised electrodes 
which were shielded in sponges. Both sponge pads were soaked in freshly prepared saline 
solution and both sponges were cleaned after each study session. These measures were 
taken to ensure good electric conductivity, thereby preventing skin burns (Loo et al., 
2011) and ensuring the safety of the participants. Furthermore, the DC stimulator 
calculates impedance before a protocol is started (Frank et al., 2010). If impedance is 
greater than 50 kΩ (26 V), the DC stimulator gives a warning and prevents the protocol 
from starting. High impedance suggests high resistance and may lead to heating under 
the sponge pads. Therefore, whenever high impedance occurs, the setup is checked for 
loose bandages, excess hair between skin and electrode, electrode not in a flat position, 
wires not properly connected, dry electrodes or incorrect saline solution concentration.  
Electrode Placement 
The loci of tDCS scalp electrodes were based on the international 10-20 systems of 
electrode placement (Klem, Luders, Jasper, & Elger, 1999). The materials used for 
electrode placement include EEG cap, skin preparation products (alcohol and cotton 
wool ball), marker pen, tape measure and gauze. The size of the head was measured using 
a tape measure to determine the corresponding EEG cap size for each participant. The 
cap was carefully placed over the head of the participant, starting at the forehead, then 
centred by measuring the distance along the midline between the naison (top of the nose, 
between the eyes) and the inion (bone ridge at the back of the head), and from the top of 
the left and right ear with a tape measure. Cz electrode position was marked using a pen 
and the electrode was centred at this point. The cap was visually inspected from all sides 
for any necessary adjustments. Finally, the electrode position F4 was marked through 
pre-designed cuts on the electrode cap. The cap was taken off and skin was prepared by 
moving hair away (if necessary) from the marked target, followed by cleaning gently 
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using cotton wool ball soaked in alcohol. The reference point (contralateral supraorbital 
region) was also cleaned. The anode electrode was placed over F4 while the cathode was 
placed above the left eye and both electrodes were held in place with gauze (Figure 
2.3B). Lastly, if participants reported or showed any sign of discomfort, the electrodes 
were checked and adjusted until the participant is comfortable and satisfied. 
Stimulation Parameters 
All studies used both real and sham tDCS in order to control for the effect of procedure 
over and above the effect of tDCS. For real tDCS stimulation, 1 mA direct current (DC) 
was gradually ramped up over 10 s at the onset of the stimulation and gradually ramped 
down upon completion of stimulation. In total, stimulation lasted for 20 min in all cases. 
The amplitude and duration of stimulation applied in all studies are the most common 
tDCS protocol in the literature (Boggio et al., 2007; Fregni et al., 2005; Hoy et al., 2014; 
Hummel et al., 2005; Loo et al., 2011; Nitsche et al., 2010; Oliveira et al., 2013; 
Vanderhasselt et al., 2013; Vercammen et al., 2011).  
For sham tDCS, there was the same initial 10 s ramp of current, but then the current fell 
to zero for the duration of the stimulation. At the end of the stimulation, there was another 
10 s current ramp. This sham stimulation produces a similar tingling sensation associated 
with real tDCS, without stimulating the brain region below the electrodes for more than 
1 min (Coffman et al., 2012). 
2.4.4 Stimuli Presentation 
Once the tDCS was setup, and the participants were comfortable, the word-list learning 
task was able to start. Presentation® (Neurobehavioural Systems Inc., Berkeley 
California) was used to design, code and present the task via a computer monitor. 
Participants sat 80 cm away from a 20-inch flat screen monitor (Dell P2011H, Dell Inc. 
Bracknell UK), where a series of words (white, Arial, font size 40 pt.) were displayed on 
a black background at a speed of one word per second (see Figure 2B & Figure 2.3A). 
In the word-list learning task, there were 50 words displayed at a frequency of 1 Hz, with 
5 repetitions and the entire presentation lasted for 8 min (Figure 2.3A). Participants were 
instructed to sit and passively watch the words while they learn as many words as 
possible. As soon as the words finished displaying, the presentation was automatically 
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closed. In the immediate recall task (Study 1 & Study 2), participant wrote down on the 
provided recall sheet (Appendix B10) as many words has possible they could remember. 
For the PAL-task, participants sat in front of a computer screen as described above. 
During the learning phase, the first words were shown on the left side of the screen for 
4000 ms followed by second word on the right side of the screen for 4000 ms. Participants 
were instructed to form an association between both word pairs either by imagining an 
image or a phrase combining both words in the pair as this will enable them recall the 
word pair during subsequent retest (Figure 2.4B). 
a) Word-list Learning Task 
 
b) Paired-associate Learning Task 
 
 
 
 
Figure 2.4 | Schematic representation of stimuli presentation in the a) word-list learning task b) 
paired-associate learning (PAL) task. 
2.4.5 Post-task 
After the task was completed, the bandages and tDCS sponges were taken off the 
participants, and the DC stimulator was turned off. Participants were asked if they wanted 
to wash their hair, if required, they were provided toiletries to do so. After this, 
participants were given further information and fully debriefed. In the study debrief, 
participants were asked if they knew the stimulation condition (real or sham tDCS) they 
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just received, and this information was noted. Participants were advised to maintain their 
normal sleep/wake cycle and avoid other exclusion criteria that may disqualify them from 
completing the subsequent study sessions.  
2.5 Summary of Studies 
2.5.1 Study 1: tDCS enhanced learning in good sleepers and bad sleepers 
Research Aims 
The aim of this current study was to investigate the effect of tDCS-enhanced learning in 
good sleepers and bad sleepers. Essentially, this study aimed to expand on existing 
evidence that suggest sleep is important for learning and memory function, and link this 
with the potential influence of sleep-dependent learning on tDCS efficacy. We 
hypothesised that tDCS-effect will be modulated by sleep quality and this hypothesis is 
based on the theory that sleep and tDCS share similar mechanisms on learning and 
memory. 
Experimental Design 
The study was a randomised cross-over design, whereby all participants received real 
tDCS or sham stimulation, with a week interval between each condition to eliminate 
practise effect. The studies were conducted between 11:00 and 13:00 hrs in order to 
control for time and to eliminate potential influence of diurnal synchrony with 
performance. 
Data Collection 
Participants were grouped as good sleepers or bad sleepers based on subjective (PSQI) 
and objective (Actiwatch) assessments. Arrays of questionnaires were used to obtain 
information about individual participant’s day time sleepiness, diurnal preference, 
handedness, as well as anxiety and depression level. During the study session, a word-
list learning task was used to assess declarative memory under tDCS or sham stimulation. 
The number of correct words written from the word-list learning task was converted into 
percentages scores (% recall) and used as an index of performance.
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2.5.2 Study 2: The effect of circadian alignment (time of the day) on tDCS-
enhanced learning. 
Study Aims 
The aim of this study was to build upon Study 1, which controlled for time; therefore, the 
effect of time of the day on tDCS-enhanced performance was not explored. In the present 
study, a similar design was applied as Study 1; however, tests took place in the mornings 
and evenings for evening chronotypes. We hypothesised that circadian mis/-alignment 
will influence tDCS efficacy and this hypothesis is based on the theory of shared tDCS-
sleep mechanism, and empirical evidence that show that both tDCS and sleep can 
modulate levels of alertness. 
Experimental Design 
Participants were divided into two groups, based on individual’s diurnal preference, as 
morning or evening-type. Experiments were performed in the morning between 07:00 
and 09:00 hrs, or in the evening between 18:00 and 20:00 hrs. Each participant had tDCS 
and sham stimulation a week apart, which was synchronised or desynchronised to their 
diurnal preference. Participants attended four sessions in total, each a week apart, two 
sessions in the morning and two sessions in the evening. 
Data Collection 
Participants diurnal preference was determined based on the Morningness and 
Eveningness Questionnaire (MEQ). Similar data collection procedure to Study 1 was 
used to collect word-list learning task data.  
2.5.3 Study 3: The modulatory effect of sleep on tDCS-enhanced delayed recall. 
Study Aims 
This study seeks to investigate the potential effect of tDCS on performance deterioration 
as a result of prolonged wakefulness in healthy human subjects. We hypothesised that 
tDCS will mitigate performance deficit associated with prolonged wakefulness. This 
study will enable us to underpin the potential benefit of tDCS to compensate for decline 
in cognitive performance as a result of lack of sleep.
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Experimental Design 
Participants were tested on the PAL-task in sleep and wake condition. The sleep condition 
tests too place in the morning after a night of sleep, while the wake condition tests took 
place in the evening after a day of continuous wakefulness. In both conditions, either 
tDCS or stimulation was delivered during encoding and recall. 
Data Collection 
Similar data collection procedure to Study 1 and 2 was used. 
 
All participants’ personal data were anonymised with strictest confidence, that is, 
information which can be identified directly or indirectly to relate to a participant was 
made impossible to workout. Statistical analyses were conducted using IBM SPSS 
version 22 and graphs were plotted using Microsoft Excel or GraphPad Prism. Statistical 
data analysis of respective studies is discussed in respective chapters.  
2.6 Data Analysis 
The main outcome data collected in the studies in this thesis were behavioural data on 
performance in the word-list learning task and the PAL-task, that is, number of items 
recalled converted to percentage recall. Data on general demographics, depression, 
anxiety, and subjective and objective sleep parameters were also collected. Where 
possible, group differences were assessed using t-test and analysis of variance (ANOVA), 
while correlations analyses were conducted to assess the strength of the differences 
observed. Statistical analyses were conducted using IBM SPSS (version 22, IBM Corp. 
Armonk, New York USA) and graphs were plotted using GraphPad Prism (version 6; 
GraphPad Software, Inc. California USA) and Microsoft Excel 2010 (Microsoft, St. 
Redmond, Washington USA). The exact way these data were analysed and interpreted 
depends on the experimental design and group structure for each study, and these are 
detailed in Chapters 3-6.
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2.7 Conclusion 
In this chapter, the methodologies used to execute each of the three studies carried out in 
this thesis were presented. The research methods were closely related across each study 
and designed within the framework of sleep and tDCS to address the limitations in the 
literature. Participants, materials, procedure and statistical analysis used in each study 
were also described in this chapter. Available theoretical evidence and empirical data 
were used to develop appropriate study designs, using existing or modified 
methodologies. Specific details of the methods for Studies 1 to 3 are presented within 
their corresponding chapters.
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CHAPTER 3 
Stimuli and Protocol Validation – Pilot Studies  
 
Overview 
At present, there is no standardized protocol for tDCS in learning and memory. 
Inconsistences in tDCS-effect on learning and memory have been associated with the 
complexity of task and protocol used. Therefore, it is imperative to validate a protocol 
that will enable us to investigate the modulatory effect of sleep on tDCS-enhanced 
learning. The objective of these pilot studies is to develop a learning and memory task 
that is sensitive to stimulation and ensures a measurable behavioural effect of sleep.  
3.1 Introduction 
Sleep-dependent tDCS-enhanced learning has been shown to be beneficial to declarative 
memory (Marshall, Kirov, Brade, Molle, & Born, 2011; Marshall et al., 2004), which is 
why this thesis focuses on this aspect of memory. However, these studies applied tDCS 
during sleep, therefore it is unclear if similar results will be obtained in the approach 
studies in this thesis aim to take, that is, manipulate sleep to observed tDCS-effect. 
Currently, there is no standardized declarative memory test for assessing performance 
trend in sleep quality, circadian mis-/alignment and prolonged wakefulness in relation to 
tDCS-effect on learning and memory. Investigators have used a variety of methods to 
assess the effect of sleep on performance such as the the word-list learning task, paired-
associate learning (PAL) task, digital recall task (Frey et al., 2004), visual working 
memory task (Nilsson et al., 2005) and n-back task (Choo et al., 2005). Some of these 
studies have reported inconsistent results on the impact of sleep on learning and memory. 
For example, in free recall and recognition of faces, Harrison and Horne (2000) reported 
performance deterioration during 36 hrs of total sleep deprivation. Drummond et al. 
(2000) reported only modest impairment in verbal episodic memory after total sleep 
deprivation, while Forest and Godbout (2000) obtained significant performance deficit. 
In terms, of chronic partial sleep deprivation, assessed using subjective sleep 
questionnaire such as the PSQI, the effect on performance is unknown. tDCS studies 
investigating memory have also used a variety of tasks, some of which have inconsistent 
results (see literature review in Chapter 1, section 1.2). Therefore, it is essential for these 
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pilot studies to be conducted to refine parameters such as participant recruitment, group 
selection according to specific sleep criteria, task difficulty and tDCS methodology. An 
observable effect is essential for the main studies in this thesis. 
3.1.1 Word-List Learning Task 
The word-list learning task was used to assess the effect of sleep quality (Study 1) and 
circadian alignment (Study 2). Various modifications of the word-list learning task has 
previously been used in assessing memory function in non-clinical participants 
(Drummond et al., 2000; Quigley, Green, Morgan, Idzikowski, & King, 2000), as well 
as in cognitively impaired individuals, such as Alzheimer’s disease (AD) and mild 
cognitive impairment (MCI) (Baek, Kim, & Kim, 2012; Dierckx et al., 2011; Libon et 
al., 2011; O'Carroll, Conway, Ryman, & Prentice, 1997). Here, participants are shown 
several words on a computer screen, after which they are asked to complete an immediate 
recall by writing as many words they can remember in no particular order, using any 
strategy they wish to (free recall). This task was chosen because it can be used to assess 
working memory, which is the form of memory that allows us to remember information 
which can be used to carry out task immediately (Cowan, 2008), or it can be manipulated 
to investigate memory consolidation over time, for example, the delayed recall paradigm. 
In addition, task difficulty can be manipulated easily through a number of ways, either 
by increasing the number of words, increasing the speed of presentation or decreasing 
the number of repetitions.  
The sensitivity of the word-list learning task to different sleep spectrum has not been 
addressed in the literature, for this reason, the following pilot studies were conducted to 
ensure the word-list learning task was suitable to measure behavioural effect of good 
sleep compared to poor sleep quality, without tDCS. It was important to access initial or 
baseline learning of participants because this can have a significant impact on the 
cognitive effect of tDCS. Baseline performance of subjects may be responsible for varied 
results in tDCS-effect across the literature, such that, participants with poor baseline 
performance show significant improvement with tDCS, whereas those with superior 
learning abilities do no improve as much (Li et al., 2015). The effect of baseline function 
on tDCS has been observed both in cognitive and motor studies. In a visual cognitive 
task, low performing participants improved in a visual short-term memory task (VSTM) 
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compared to high performers (Tseng et al., 2012). Similarly, in a motor study, 
participants with a low baseline upper limb motor coordination showed significant 
improvement after tDCS to the M1 ipsilateral region (Li et al., 2015). These observations 
could be explained by ceiling effects on neuronal modulation with tDCS, such that, poor 
baseline performers who showed clear improvement after tDCS had increased amplitude 
of event related potential (ERPs), while those who had high baseline did not show much 
improvement and they already had high amplitude ERPs prior to tDCS (Li et al., 2015).    
3.1.2 Paired-Associate Learning Task 
The paired-associate learning (PAL) task is a commonly used behavioural task for 
assessing memory function in non-clinical participants (Ahmad & Hockley, 2016;  
Buchanan, Holmes, Teasley, & Hutchison, 2013; Nelson et al., 2004), as well as in 
cognitively impaired individuals such, as patients with dorsolateral prefrontal lesions 
(Shimamura, Jurica, Mangels, Gershberg, & Knight, 1995). The PAL-task was selected 
to investigate the effect of sleep/wake on tDCS-enhanced memory consolidation in a 
delayed recall paradigm (Study 3, Chapter 6) because it has previously been validated 
and used multiple times to study the effect of sleep on learning and memory (Marshall et 
al., 2006; Plihal & Born, 1997). In addition, Marshall and colleagues (2004) used the 
PAL-task to demonstrate that tDCS applied during sleep is beneficial to declarative 
memory (Marshall et al., 2004). Therefore, the PAL-task provides useful insights into 
memory consolidation and recall after a period of sleep or wake.  
Details of the PAL-task have been described in Chapter 2. Briefly, experimental design 
using the PAL-task consist of a number of paired words displayed on a computer screen 
during practise session after which memory retention is assessed by the number of second 
half of the word pairs recalled when subjects are tested prior to after a period of sleep or 
prolonged wakefulness. During the recall session, subjects are shown half of the pair and 
asked to provide the other pair either through written, verbal or typed responses. Using 
this paradigm, studies have shown that testing after sleep increases performance 
compared to testing after prolonged wakefulness (Marshall et al., 2006; Marshall et al., 
2004; Plihal & Born, 1997).   
 97 
 
Although the PAL-task has already been used in the literature, it was important to pilot 
this task primarily for the purposes of identifying the potential confound of circadian 
phase (morning vs evening) on performance. To achieve this, this pilot study sought to 
test recall immediately after learning in the morning and immediately after learning in 
the evening. Participants recruited for this study were good sleepers and intermediate 
chronotype, this way any potential influence of circadian phase will be identified without 
bias from sleep quality and chronotype.    
3.1.3 tDCS-Effect  
Variability in tDCS outcomes remain a critical concern in its application for human 
cognitive enhancement and in research. Therefore, a variety of criteria have been used in 
assessing the effect of tDCS on learning and memory. At present, there is, however, no 
universally accepted protocol for tDCS enhanced learning. For this reason, some studies 
have reported positive results, while others have failed to. For example, Fregni et al. 
(2005) and Zaehle et al. (2011) reported that anodal tDCS to the left dorsolateral 
prefrontal cortex (DLPFC) improved performance in 3-back and 2-back task; however, 
Sandrini et al. (2012) reported diminished performance with anodal tDCS in a 1-back 
task. These results suggest that tDCS-effect on working memory is dependent on task 
difficulty and tDCS protocol used. 
The pilot study was conducted to determine the threshold in which tDCS-effect can be 
observed. Generally, tDCS improves performance, but this effect is more pronounced in 
difficult tasks (Sandrini & Cohen, 2013). Therefore, what we see here is an interaction 
between baseline performance and task difficulty (Li et al., 2015; Wu et al., 2014). For 
these reasons, it was crucial for us to determine the difficulty of the task and the baseline 
performance of the participants. 
Other parameters that would be assessed include the correct electrode placement on the 
DLPFC, which is a region critical for encoding and retrieval of declarative memory 
(Epstein, Sekino, Yamaguchi, Kamiya, & Ueno, 2002; Floel et al., 2004; Nitsche et al., 
2008; Tulving, Kapur, Craik, Moscovitch, & Houle, 1994). 20 minutes tDCS after-effect 
has been shown to last for more than 30 minutes after the stimulation has been terminated 
(Hummel et al., 2005; Hummel & Cohen, 2005). As described in the methodology 
 98 
 
chapter (Chapter 2), the word-list learning task and tDCS will run concurrently, 
therefore, these pilot studies will enable us establish that the length of the task is within 
the tDCS-effect.  
Overall, the pilot studies were conducted to:  
1. Ensure that the experimental paradigm used are robust and sensitive to stimulation and 
sleep-related effects.  
2. Ensure the study is feasible and rationally uncover potential methodological weaknesses 
and strengths of the study to achieve the research aims of the thesis. 
3. Identify the potential challenges that may be encountered during the study.  
4. Determine the time frame of each study with relation to the duration of tDCS.  
5. Familiarise the researcher with data collection and analyses.  
6. Ensure ethical considerations and standards are met.
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3.2 Pilot Study 1 – Word-List Learning Task Sensitivity to Subjective Sleep 
Quality 
The primary aim of this pilot study was to investigate the sensitivity of the word-list 
learning task to subjective sleep quality, that is, good sleepers and bad sleepers. Sleep 
group selection was carried out using the Pittsburgh Sleep Quality Index (PSQI) 
questionnaire. The secondary aim of this pilot study was to identify potential confounding 
variables, such as diurnal preferences (chronotype) and gender, which may influence 
performance outcome. This is important because there is synchrony between diurnal 
preference and cognitive performance, such that, morning-types perform better in tasks 
carried out during the early hours of the day, and evening-types perform better in tasks 
carried out in the evenings (Horne, Brass, & Pettitt, 1980; May, Hasher, & Stoltzfus, 
1993). Furthermore, studies have reported gender differences in different tasks, with 
females performing better in certain verbal and visual memory tasks (Harness, Jacot, 
Scherf, White, & Warnick, 2008; Lowe, Mayfield, & Reynolds, 2003), while males 
perform better in spatial memory tasks associated with location (Grant & Adams, 1996; 
Lowe et al., 2003). Ultimately, this pilot study will provide useful information that will 
ensure the sensitivity of the word-list learning task to sleep quality, and help eliminate 
any possible cofounders that may influence results obtained.   
3.2.1 Participants 
Eight volunteers mean age 28.9 ± 6.53 participated in this pilot study. The sample size 
was selected because it is consistent with studies that have investigated the effect of tDCS 
on working memory, as well as tDCS-sleep studies (Stagg et al., 2011; McIntire et al., 
2017). Prior to the study, participants completed the PSQI, MEQ, Hospital Anxiety and 
Depression Scale (HADS) and general demographics questionnaire. For details of these 
questionnaires, please see methodology chapter (Chapter 2). Using the PSQI, two groups 
were created: good sleepers (global PSQI ≤ 5) and bad sleepers (global PSQI > 5); see 
methodology chapter for details on scoring of PSQI. Also, participants were grouped 
according to their diurnal preferences using the MEQ.  
3.2.2 Method 
The procedure in this pilot study was identical to that in the methodology chapter, except 
that no tDCS was performed. The study sessions were conducted between 11:00 and 
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13:00 hrs in order to control for time due to the potential influence of diurnal preferences 
as assessed by the MEQ. Participants read the information sheet, completed all 
questionnaires (General Demographics, PSQI, MEQ, EHI & HADS) and consented 
before taking part in this pilot study. After these, the word-list learning task was 
performed. Shortly before the start of the task, participants were asked to fill the 
Karolinska Sleepiness Scale (KSS-Pre), which they also filled again upon completion of 
the task (KSS-Post). As this pilot study was used to construct and validate the word-list 
learning task for use in the studies on the modulatory effect of sleep on tDCS-enhanced 
learning, the attributes of the task somewhat differed from that described in the 
methodology chapter. The attributes of the word-list learning task used in the pilot study 
are shown in Table 3.1. The words (Figure 3.2) were obtained from the Medical 
Research Council (MRC) psycholinguistic dataset (Wilson, 1988). As in the main study, 
the experiment was constructed using Presentation® (Neurobehavioural Systems Inc., 
Berkeley California) software. Verbal instructions were given to participants, followed 
by instructions on the display screen before the task commenced. At the end of each 
study, subjects were asked how difficult they found the experiment.  
                  Table 3.1 | Characteristics of words used in the word-list learning task 
Characteristics 
Number of words 24 
Number of letters  
Minimum 3, Maximum 11,                     
Mean 5.88, SD 2.15  
Font style Arial 
Font size 40 pt 
Font colour White 
Background colour Black 
Duration per word 1 sec 
Number of repetitions 8 
Total duration 8 min 
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Table 3.2 | Words used in the word-list learning task of Pilot Study 1. 
Words 
Bicycle Subway Zebra 
Umbrella Key Piano 
Discretion Boat Rain 
Computer Table Energy 
Bottle Workshop Lamp 
Pen Horse Truck 
Chopstick Ocean Paper 
Banana Bank Photograph 
3.2.3 Data and Statistical Analysis 
Participants were grouped as good sleepers and bad sleepers based on subjective sleep 
assessment, measured by the PSQI. Participants with scores ≤ 5 were categorised as good 
sleeper, participants with scores > 5 were categorised as bad sleepers based on the 
conventional PSQI scoring system (Buysse et al., 1989). The number of correct words 
written from the word-list learning task were converted to percentages scores (% recall) 
and this was used as an index of performance. Mann-Whitney U test was conducted to 
compare % recall in the word-list learning task between good and bad sleepers, morning 
and evening chronotype, and male compared to female participants. Kendall tau 
correlation was used to determine the correlation between sleep quality (Global PSQI) 
and performance in the word-list learning task. Significant p-value for tDCS and sleep 
was conducted at .05 significant level. Statistical analyses were conducted using IBM 
SPSS version 22 and graphs were plotted using Microsoft Excel.  
3.2.4 Results 
Demographics 
As shown in Table 3.2, good sleepers (n = 4) and bad sleepers (n = 4) did not differ in 
age (good sleepers: M = 29.3 ± 5.44 vs bad sleepers: M = 28.5 ± 8.35 years respectively; 
p = .89), gender (4 males and 4 females), or handedness (.83 ± .22). It should be noted 
that the bad sleeper group had one participant that was left handed; however, this was not 
considered a factor in the results, as tDCS was not applied in this pilot study. Mean global 
PSQI score for both groups was 6.75 ± 2.82, 4.25 ± .50 for good sleepers, and 9.25 ± 1.26 
for bad sleepers, which was significantly difference (p = .09). Please see Table 3.2 for 
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demographics. None of the participants had history of psychiatric or neurological 
disorders, or were taking any medications. 
       Table 3.3 | Participants’ demographics.  
Demographics Number (n) Mean* p-value† 
Number (n) 8 n/a n/a 
Age                                                     8                      n/a                       n/a  
Gender 
Male 4 n/a n/a 
Female 4 n/a n/a 
Sleep quality (PSQI) 
Good Sleepers 4 3.50 ± 1.26 
<.001 
Bad Sleepers 4 8.80 ± 1.40 
Diurnal Preference (MEQ) 
Morning-type 4 70.25 ± 8.26 
<.001 
Evening-type 4 37.0 ± 3.36 
Day Time Sleepiness  
KSS-Pre 8 2.25 ± 1.39 
.20 
KSS-Post 8 3.25 ± 1.28 
Anxiety and Depression (HADS) 
Anxiety n/a 6.0 ± 2.20 
n/a 
Depression n/a 4.0 ± 1.60 
Handedness (EHI) 
Left-Handed 1 -.7 
n/a 
Right-Handed 7 .83 ± .22 
* Data represent mean and standard deviation. 
† Significant p-value was conducted at .05 significant level. 
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The Effect of Sleep Quality on Performance  
There was no significant difference in performance in the word-list learning task (percent 
words recalled; Figure 3.1A) in both good sleepers (Mdn = 97.9) and bad sleepers (Mdn 
= 91.7); U = 3.00, p = .137, r = .53.  Furthermore, there was no significant correlation 
between global PSQI score and word recall (tau = -.51, p = .137; Figure 3.1B). Good 
sleepers and bad sleepers did not differ on their KSS scores before (good sleepers: Mdn 
= 1.50 vs bad sleepers: Mdn = 2.50; U = 15.0, p = .369, r = .32) or after the task (good 
sleepers: Mdn = 2.50 vs bad sleepers: Mdn = 4.00; U = 14.5, p = .294, r = .37). Subjective 
sleepiness did not differ after the study session (good sleepers: Mdn = 2.00 vs bad 
sleepers: Mdn = 3.25; Z = -1.17, p = .242, r = .41). It should be noted that task 
performance was not significantly influenced by anxiety (p = .37) and depression (p = 
.45) across participants. Furthermore, prior sleepiness (KSS-Pre) did not significantly 
correlated with task performance (Z = -2.25, p = .012).  
The Effect of Diurnal Preference on Performance 
When splitting the participants by morningness (n = 4) and eveningness (n = 4) 
chronotypes, there were also no significant differences in age (morning-type: Mdn = 29.5, 
evening-type: Mdn = 28.5; U = 8.00, p = 1.00, r = 0.00) and depression (morning-type: 
Mdn = 2.50, evening type Mdn = 5.50; U = 3.00, p = 1.37, r = .53). Anxiety was 
significantly higher in evening type (Mdn = 7.50) compared to morning-type (Mdn = 
4.00); U = 0.00, p = .18, r = .84. There was no significant difference in performance in 
the word-list learning task between these groups (morning: Mdn = 95.8, evening: Mdn = 
91.7; U = 5.50, p = 4.57, r = .26 (Figure 3.1C).  
Gender Differences in Performance 
When splitting the participants by gender (male = 4; female = 4), there were no significant 
differences in age (male: Mdn = 28.5, female: Mdn = 29.5; U = 8.00, p = 1.00, r = .00), 
depression (male: Mdn = 5.50, female: Mdn = 3.50; U = 5.50, p = .457, r = .26) and 
anxiety (male: Mdn = 5.00, female: Mdn = 6.00; U = 6.00, p = .554, r = .21). There was 
no significant difference in performance between these groups (male: Mdn = 95.8, 
female: Mdn = 91.7, U = 5.50, p = .457, r = .26 (Figure 3.1D).
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Figure 3.1 | a) % recall in the word-list learning task between good and bad sleepers b) 
correlation between Global PSQI and % recall (dotted line represents global PSQI cut-off 
point); c) % recall in the word-list learning task between morning and evening chronotypes 
d) % recall in the word-list learning task between male and female participants. Error bars 
indicate standard error of the mean. 
3.2.5 Findings 
There was no significant difference in all the parameters assessed, except anxiety, in 
which evening-type had a significantly higher level of non-clinical anxiety compared to 
morning-type. This finding is in line with studies that have shown a link between 
eveningness and anxiety levels (Diaz-Morales, Jankowski, Vollmer, & Randler, 2013; 
Vardar, Vardar, Molla, Kaynak, & Ersoz, 2008). Moreover, the difference in levels of 
anxiety did not affect performance on the word-list learning task. Quality of sleep 
(good/bad), or diurnal preference (morningness/eveningness) did not influence task 
performance on the word-list learning task. Confound of gender, depression and pre-task 
sleepiness did not influence performance either.  
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There are the plausible reasons for these results: Firstly, the variability in sleep quality 
was not wide enough. Secondly, the task was not difficult enough to elicit an effect. 
Lastly, the sample size was (n = 8) was not large enough to observe an effect. The small 
sample size may preclude observation of any differences, and may make correlation 
analysis prone to non-significant results. The sleep quality groups were determined based 
on the global PSQI cut-off of 5. PSQI score > 5 were selected as bad sleepers. Therefore, 
the difference between good sleepers and bad sleepers was relatively similar, for instance, 
the difference between a global PSQI score of 4 and 5. Therefore, this may account for 
the lack of difference in performance in both groups. 
Additionally, the word-list learning task consisted of 24 words, repeated 8 times, over 8 
minutes. Participants performed very well on this task (min = 83%; max = 100%), with 
two participants achieving 100% accuracy. This constitutes a ceiling effect, and suggests 
that the task must be made more difficult to ensure differences between groups can be 
observed. Finally, anecdotal evidence from the participants suggested that they were 
bored after the 5th repetition of words.  
3.2.6 Implication of Findings 
Following from the findings of Pilot Study 1, changes were made to the protocol of the 
next pilot study to counteract the problems observed. First, extreme bad sleepers (PSQI 
≥ 8) were recruited to allow us separate good sleepers from bad sleepers convincingly. 
Second, the number of words in the word-list learning task was increased to 50 words, 
and the number of repetitions reduced to 5 from the anecdotal responses and the boredom 
threshold, keeping the frequency of display the same. Finally, the sample size was 
increased.
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3.3 Pilot Study 2 - Word-List Learning Task Sensitivity to Subjective Sleep 
Quality 
This pilot study aims to investigate performance difference in the word-list learning task 
in good sleepers and bad sleepers, and also to assess other confounding variables (diurnal 
preference, gender, anxiety and depression). In the previous pilot study, quality of sleep 
(good/bad) did not have a significant effect on performance in the word-list learning task. 
This result contrasts with previous studies that suggest that poor sleep impairs a range of 
cognitive outcomes, especially learning and memory (Belenky et al., 2003; Dinges, 2004; 
Dinges et al., 1997; Nilsson et al., 2005; Quigley et al., 2000; Smith, McEvoy, & Gevins, 
2002). Furthermore, confound of diurnal preference, pre-task sleepiness, gender, anxiety 
and depression did not influence performance either. However, methodological 
weaknesses such as insufficient gap between good sleepers and bad sleepers on the PSQI, 
task not difficult enough and small sample size are plausible reasons for these results. 
Therefore, this pilot study sort to improve on the limitations of the previous pilot study 
using the following amendments to the protocol. First, extreme bad sleepers (PSQI ≥ 8) 
were recruited in order to separate good sleepers from bad sleepers convincingly. Second, 
the number of words in the word-list learning task was increased to 50 words, and the 
number of repetitions reduced to 5. Lastly, the sample size was increased because the 
sample size used in Pilot Study 1 may have been too small for an observable effect.  
3.3.1 Participants 
Twelve volunteers (7 males, 5 females) mean age 23.3 ± 4.52 participated in this pilot 
study. As before, prior to the study, participants completed the PSQI, MEQ, HADS, EHI 
and general demographics questionnaire. Using the PSQI, two groups were created, good 
sleepers and bad sleepers, as above section. Extreme bad sleepers with global PSQI score 
≥ 8) were recruited to allow us separate good sleepers from bad sleepers convincingly. 
Using the MEQ, participants were divided into morning or evening chronotype.
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3.3.2 Methods  
The same protocol was used as for Pilot Study 1, except the task, which was modified 
with the number of words increased to 50 and the number of repetitions reduced to 5 
(Table 3.4). The duration of the stimuli was unchanged. The modified list of words used 
in this pilot study is shown in Table 3.5. 
Table 3.4 | Characteristics of words used in the word-list learning task in Pilot Study 2.                        
Changes are highlighted in yellow.  
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.5 | Modified word-list learning task words showing green words which represent 
old words used in old paradigm, while black words are new words added to this paradigm. 
Words 
Bicycle Subway Zebra Story Fish 
Umbrella Key Piano Music Nation 
Discretion Boat Rain Battery Finance 
Computer Table Energy Registry Support 
Bottle Workshop France Health Travel 
Pen Horse Link Cutlery Award 
Chopstick Ocean Model Current Ireland 
Banana Bank Instrument Strike Author 
Lamp Paper Education Friend Cheetah 
Truck Photograph restudy Senate Apple 
Characteristics   
Number of words 50 
Number of letters 
Minimum 3, Maximum 11, 
Mean 6.02, SD 1.82 
Font style Arial 
Font size 40 pt. 
Font colour White 
Background colour Black 
Duration per word 1 sec 
Number of repetitions 5 
Total duration 8 min 
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3.3.4 Results 
Demographics 
Good sleepers (n = 6) and bad sleepers (n = 6) did not differ in age (good sleepers: M = 
22.0 ±1.79 vs bad sleepers: M = 24.0 ± 5.61 years; t(10) = -1.11,  p = .09, d = .48), gender 
(4 males and 4 females), or handedness (.83 ± .22). Mean global PSQI score for both 
groups was 6.75 ± 3.77 (good & bad sleepers), 3.25 ± 8.37 for good sleepers, and 10.0 ± 
2.28 for bad sleepers, which was significantly difference (t(10) = -6.56, p = < .001, d = 
3.78). Please see Table 3.6 for demographics. None of the participants had history of 
psychiatric or neurological disorders, or were taking any medications.
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Table 3.6 | Participants’ Demographics.  
Demographics 
Number 
(n) 
Mean* p-value† 
Number (n) 12 n/a n/a 
Age n/a 23.3 ± 4.20 n/a 
Gender 
Male 7 n/a n/a 
Female 5 n/a n/a 
Sleep quality (PSQI) 
Good Sleepers 6 3.50 ± 8.37 
.11 
Bad Sleepers 6 10.0 ± 2.28 
Diurnal Preference (MEQ) 
Morning-type 6 64.17 ± 5.78 
.038 
Evening-type 6 38.8 ± 2.787 
Day Time Sleepiness  
KSS Pre-Score n/a 3.50 ± 1.24 
.19 
KSS Post-Score n/a 3.00 ± .85 
Anxiety and Depression (HADS) 
Anxiety n/a 5.08 ± 2.93 
n/a 
Depression n/a 3.42 ± 2.75 
Handedness (EHI) 
Left-Handed 0 n/a 
n/a 
Right-Handed 12 .09 ± .78 
* Data represent mean and standard deviation. 
† Significant p-value was conducted at .05 significant level.
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The Effect of Sleep Quality on Performance  
There was a significant difference in performance in the word-list learning task (percent 
words recalled; Figure 3.2A) between good sleepers (Mdn = 39.0) and bad sleepers (Mdn 
= 25.0); U = 1.00, p = .004, r = .79.  Furthermore, there was a significant correlation 
between sleep quality (global PSQI score) and word recall (tau = -.70, p = .006; Figure 
3.2B). Good and bad sleepers did not differ on their KSS scores before (good sleepers: 
Mdn = 3.85 vs bad sleepers: Mdn = 3.17; U = .92, p = .370, r = .54) or after (good sleepers: 
Mdn = 3.00 vs bad sleepers: Mdn = 3.00, U = .00, p = 1.00, r = 0.00). It should be noted 
that task performance was not significantly influenced by anxiety (M = 5.08 ± 2.94; tau 
= -.017, p = .94) and depression (M = 3.42 ± 2.75, r = -.30, p = .35) across participants. 
Furthermore, prior sleepiness (KSS-Pre) did not significantly correlated with task 
performance (tau = .18, p = .67).  
The Effect of Diurnal Preference on Performance 
When splitting the participants by morningness (n = 6) and eveningness (n = 6) 
chronotypes, there were also no significant differences in age (morning-type: Mdn = 22.5 
evening-type: Mdn = 23.0; U = 16.5, p = .808, r = .70), depression (morning-type: Mdn 
= 4.00, evening-type: Mdn = 3.00; U = 15.5, p = .682, r = .12) or anxiety (morning-type: 
Mdn = 4.50, evening type: Mdn = 5.50; U = 10.0, p = .186, r = .38). There was no 
significant difference in performance in the word-list learning task between these groups 
(morning: Mdn = 35.5, evening: Mdn = 29.5; U = 16.0, p = .748, r = .09; Figure 3.2C).  
Gender Differences in Performance 
When splitting the participants by gender (male = 7; female = 5), there were no significant 
differences in age (male: Mdn = 23.0, female: Mdn = 22.0; U = 11.5, p = .324, r = .28) 
and anxiety (male: Mdn = 5.00, female: Mdn = 5.00; U = 15.5, p = .74, r = .10). Non-
clinical depression levels were higher in male (Mdn = 4.00), compared to female (Mdn = 
1.00) group, but this did not reach significance U = 6.00, p = .056, r = .55. There was a 
significant difference in performance between these groups (Figure 3.2D), with females 
performing better than males (male: Mdn = 29.0, female: M = 37.0; U = 5.00, p = .042, r 
= .59). 
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Figure 3.2 | a) % recall in the word-list learning task between good and bad sleepers b) 
correlation between Global PSQI and % recall (broken line represents global PSQI cut-off 
point); c) % recall in the word-list learning task between morning and evening chronotypes 
d) % recall in the word-list learning task between male and female participants. Significant 
difference between groups are indicated as *p < .05 and **p < .01. Error bars indicate 
standard error of the mean. 
3.3.5 Findings 
Changes made to the protocol in this pilot study (increased difference in PSQI between 
groups, increased task difficulty, increased sample size) has enabled us to observe a 
behavioural effect between good sleepers and bad sleepers. Bad sleepers performed 27% 
worse on the word-list learning task compared to good sleepers, and higher global PSQI 
score was correlated with lower performance on the task (lower word recall). 
Furthermore, this pilot study removed the ceiling effect seen in Pilot Study 1, with no 
participant achieving 100% performance (min = 36; max = 92) and anecdotally removed 
the boredom effect seen in Pilot Study 1.  
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Diurnal preference (morning/evening), sleepiness before the task (KSS-Pre), anxiety and 
depression did not affect performance, suggesting these confounds did not bias the 
results. However, gender did have an effect, with males performing 21.4% worse on the 
word-list learning task. However, the reason for this could be the group makeup, in which 
there were more good sleepers in the female group compared to the male group.  
3.3.6 Implication of Findings 
By modifying Pilot Study 1 to ensure the subsequent study had a greater difference 
between groups (bad sleepers global PSQI ≥ 8; good sleepers global PSQI ≤ 5), there was 
a more difficult task to perform (increasing number of words and reducing repetition) and 
increasing the sample size (n = 8 to n = 12; with medium effect size), we were able to 
identify a behavioural effect on word recall performance dependent on sleep quality. 
Furthermore, sleep quality correlates with performance, suggesting this is a stable 
behavioural effect. The next stage is to test the modification of this effect by tDCS and 
whether this intervention can improve performance in bad sleepers, despite inter-
individual variability (Pilot Study 3).
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3.4 Pilot Study 3 – The Sensitivity of the Word-List Learning Task to Transcranial 
Direct Current Stimulation: Two Case Studies.  
The sensitivity of the word-list learning task to different sleep spectra (good sleep and 
bad sleep) has been determined in Pilot Study 2, therefore the word-list learning task is 
suitable to measure behavioural effect of sleep quality, without tDCS (baseline 
performance). In addition, other confounding variables such as diurnal preference, 
anxiety, depression and day time sleepiness have also been assessed. The rationale for 
this pilot study is that tDCS-effect is variable depending on a number of factors. This 
include task difficulty (Sandrini & Cohen, 2013), timing of stimulation (before, during 
or after-task; Ohn et al., 2005), electrode montage (Friori et al., 2017; Scheldrup et al., 
2014), current intensity and duration of stimulation (Fricke et al., 2011), brain state, and 
most importantly, task difficulty (Li et al., 2015; Nitsche et al., 2005). Therefore, it was 
important to determine the best stimulation parameters and sensitivity of the word-list 
learning task to tDCS. Lastly, it will be determined if length of the word-list learning task 
overlaps with the length of the stimulation after-effect which should last over 30 minutes 
after stimulation stops (Hummel et al., 2005; Hummel & Cohen, 2005).  
3.4.1 Participants 
Two male bad sleepers, mean age 22.0 ± 1.41 with global PSQI score 8 and 10 
respectively, previously recruited for Pilot Study 2 were recruited for this pilot study three 
weeks after the initial pilot study. Pre-assessment questionnaires (PSQI/MEQ/HADS) 
were administered again to ensure there were no changes in these parameters during this 
period. Both participants were screened using the criteria described in the methodological 
chapter (Chapter 2) to ensure their safety to undergo the tDCS procedure. 
3.4.2 Method  
Both participants received real tDCS, in order to investigate its effect on performance. 
Anodal tDCS was delivered to the right DLPFC as described in the methodology chapter 
(Chapter 2). 1 mA anodal direct current was delivered for 20 min while participants took 
the version of the word-list learning task as described in Pilot Study 2. As the task took 8 
minutes, the stimulation lasted through the word presentation and free recall period. It 
was not disclosed to the participants if it was real or sham stimulation to prevent placebo 
effect. Although, at the beginning of the stimulation, both participants reported a mild 
 114 
 
itching sensation at the beginning of the stimulation which disappeared a few seconds 
later. 
3.4.3 Data and Statistical Analysis 
Percentage performance on the word-list learning task with tDCS was obtained and 
compared to percentage performance under baseline conditions from data obtained in 
Pilot Study 2. Change in performance was calculated by subtracting the performance with 
tDCS from performance in baseline conditions.   
3.4.4 Results  
There was an increase in performance with tDCS compared to baseline (without tDCS) 
on the word-list learning task. One participants had an increase in performance from 36% 
to 50% and the other participants had a performance increase from 40% to 56% (Figure 
3.3), making a total of 30% average increase in performance with tDCS compared to 
baseline conditions.  
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Figure 3.3 | The correlation between % recall and global PSQI, showing improvement in 
% recall in the word-list learning task with tDCS in two participants under baseline 
conditions (without tDCS, blue triangle) and with tDCS (red triangle). Broken line 
represents global PSQI cut-off point.
Subjects from Pilot Study 2 
Case study subject with tDCS 
Case study subjects without tDCS 
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3.4.5 Findings 
tDCS to the right DLPFC was effective at increasing performance in the word-list 
learning task from baseline performance in two bad sleepers. Therefore, the stimulation 
parameters (electrode placement, current intensity, duration of stimulation) were 
effective to elicit a 30% increase in performance from baseline. Furthermore, the length 
of the word-list learning task overlapped with the stimulation.   
3.4.6 Implication of Findings 
This pilot study was able to test the tDCS-effect on bad sleepers who performed below 
average without tDCS. Therefore, this two case studies provide substantial evidence for 
the sensitivity of the word-list learning task to tDCS. 
3.5 Pilot Study 4 - Effect of Circadian Phase on Paired-Associate Learning Task 
Studies have shown that learning and memory is affected by circadian phase (Garren, 
Sexauer, & Page, 2013; Pomplun et al., 2012; Valentinuzzi, Menna-Barreto, & Xavier, 
2004). However, this varies between tasks and components of tasks such as accuracy and 
speed (Pomplun et al., 2012). It is not clear if circadian phase will influence encoding 
and retrieval in the PAL-task. Therefore, the primary aim of this pilot study was to 
investigate the effect of circadian phase on performance in the PAL-task when tested in 
the morning, compared to when tested in the evening. Performing this investigation was 
also important because of the potential benefit of sleep to learning and diurnal synchrony 
with cognitive performance which may bias the results (Horne et al., 1980; May et al., 
1993). To achieve this, good sleepers and intermediate chronotypes were recruited for 
this study and an immediate free recall paradigm was adapted for the PAL-task. 
Participants encoded in the morning and took the recall test immediately and this same 
procedure was conducted in the evening. Ultimately, this pilot study will provide useful 
information that will ensure a measurable behaviour effect between sleep and wake 
conditions, and help eliminate any possible cofounders that may influence results 
obtained.  
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3.5.1 Participants 
Eight volunteers (4 males, 4 females) mean age 27.4 ± 4.69 participated in this pilot study. 
As before, prior to the study, participants completed the PSQI and the general 
demographics questionnaire. Using the PSQI, bad sleepers with global PSQI score ≤ 5 
were categorised as good sleepers and PSQI score ≥ 5 were categorised as bad sleepers. 
Using the MEQ, participants were divided into morning or evening chronotype as 
described in Chapter 2.  
3.5.2 Method 
The procedure in this pilot study was identical to that in the methodology chapter, except 
that no tDCS was performed and an immediate recall paradigm was adapted with no 
interval between the encoding and the recall sessions. The study sessions were conducted 
between 07:00 and 09:00 hrs during the morning session and between 17:00 and 19:00 
hrs in the evening session. Participants read the information sheet, completed all 
questionnaires (General Demographics, PSQI and MEQ) and consented before taking 
part in this pilot study. After these, the PAL-task was performed. The attributes of the 
task was the same as that described in the methodology chapter. 2 lists of 50 moderately 
related paired-associates obtained from the British English Lexicon Project were used 
(SUBTLEX-UK database) (Balota et al., 2007; van Heuven, Mandera, Keuleers, & 
Brysbaert, 2014); for example, HAND-BAG, EYE-LASH. Both lists were 
counterbalance across the morning and evening sessions. In addition to the 50 words, 
there were 8 buffer words at the beginning and at the end of both lists to cancel out 
primacy and recency effect. During the encoding phase, participants were shown both 
word pairs on screen, first one on the left for 4000 ms, followed by second word on the 
right side of the screen for 4000 ms. Participants were instructed to form an association 
between both word pairs, either by imagining an image or a phrase combining both words 
in the pair as this will enable them to recall the word pairs during subsequent retest. 
During the immediate recall phase, participants were shown only the words on the left 
and asked to recall the words on the right by written responses (see stimuli presentation 
flowchart in Chapter 2, section 2.4.4).
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Table 3.7 | Word pairs used in the paired-associate learning (PAL) task.                                                
Buffer words are highlighted in grey. 
Hand-bag Team-mate Well-being Kick-start Empty-
handed 
Eye-lash First-class Life-threatening Roller-coaster Double-
decker 
Milk-Maid Right-wing Upside-down Multi-million Sell-out 
Town centre High-tech Best-selling Fund-raising Fast-forward 
Part-time Decision-
making 
Off-road Deep-fried Well-behaved 
Short-term Break-up Nerve-wracking Open-minded Multiple-
choice 
Back-up Real-life Self-esteem Attorney-
general 
Arm-chair 
Old-fashioned Middle-aged Ding-dong Cutting-edge Back-stroke 
Right-hand Ground-
breaking 
Vice-president Never-ending Bath-room 
Man-made All-round Hard-earned Mind-blowing Book-mark 
3.5.3 Data and Statistical Analysis 
The number of correct words written from the PAL-task were converted to percentages 
scores (% recall) and this was used as an index of performance. Before this, buffer words 
(first and last 4 words) were subtracted from participants’ responses. Wilcoxon signed-
rank test was conducted to compare % recall in the PAL-task conducted in the morning 
and compared to when conducted in the evening. To further confirm if the effects 
observed were relevant, Bayes Statistics was conducted. Significant p-value was set at 
.05 significant level. Statistical analyses were conducted using IBM SPSS version 22 and 
graphs were plotted using Microsoft Excel.
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3.5.4 Results 
Demographics 
All participants were good sleepers and intermediate chronotypes with a global PSQI 
score of 4.50 ± .54 and MEQ score of 46.1 ± 6.11. 
The Effect of Time of Testing (morning vs evening) on Performance in the Paired 
Associate Learning Task 
There was no significant difference in performance in the PAL task (percent words 
recalled; Figure 3.4) when participants were tested in the morning (Mdn = 46.0) 
compared to when tested in the evening (Mdn = 46.2); Z = -1.12, p = .261, r = .40. In 
addition, Bayes Factor BF10 was .574 in favour of the alternative hypothesis that there is 
a difference in performance when tested in the morning and when tested in the evening, 
with a proportional error (error %) of 1.84e-4. 
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Figure 3.4 | % recall in the paired-associate learning (PAL) task when participants were 
tested in the morning and when tested in the evening. Error bars indicate standard error of 
the mean. 
3.5.5 Findings 
Time of testing (morning or evening) did not influence task performance on the PAL 
task.   
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3.5.6 Implication of Findings 
This pilot study was able to test if testing participants on the PAL-task in the morning 
will influence performance compared to when testing in the evening under baselines 
conditions (without tDCS) using an immediate recall paradigm in both conditions. 
Therefore, this pilot study provides substantial evidence that circadian phase did not 
influence task performance. 
3.6 Discussion 
The pilot studies have been successful at addressing some methodological challenges that 
may arise during the subsequent studies. Here, the sensitivity of the experimental 
paradigms to sleep (Pilot Study 1, 2, and 4) and to tDCS (Pilot Study 3) was investigated. 
Results from Pilot Study 2 shows that bad sleepers, with a global PSQI score ≥ 8, 
performed worse in the word-list learning task compared to good sleepers, with a global 
PSQI score ≤ 5. These findings are in line with evidence that suggests that declarative 
memory competency is sensitive to sleep (Gais, Lucas, & Born, 2006). Other studies 
have also suggested that partial or total sleep chronic sleep restriction impairs a range of 
cognitive outcomes, especially learning and memory (Belenky et al., 2003; Dinges, 2004; 
Dinges et al., 1997; Nilsson et al., 2005; Quigley et al., 2000; Smith et al., 2002).  
Baseline performance in Pilot Study 2 without tDCS eliminated the ceiling effect 
previously seen in Pilot Study 1; therefore, the test was not too easy or difficult. It was 
important to confirm this because tDCS-effect is generally based on task difficulty and 
protocol used (Hoy et al., 2013; Sandrini & Cohen, 2013; Sandrini et al., 2012). 
Furthermore, the threshold in which tDCS-effect can be observed was obtained in the 
two case studies (Pilot Study 3). Results from Pilot Study 3 showed that participants 
responded to tDCS as expected. This is in line with previous studies that have shown that 
anodal tDCS to the right DLPFC during encoding improves performance in non-verbal 
task (Epstein et al., 2002; Floel et al., 2004; Nitsche et al., 2008; Tulving et al., 1994). It 
cannot be completely dismissed that this observation may be as a result of practice effect. 
Although, the same participant repeated the same task twice, however, Pilot Study 3 was 
carried out 3 weeks apart, therefore it is expected that any practice effect was abolished.  
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The primary aim of Pilot Study 4 was to investigate the effect of circadian phase on 
performance in the PAL-task. This investigation was essential because of the effect of 
circadian phase and time awake on learning (Garren, Sexauer, & Page, 2013; Pomplun 
et al., 2012; Valentinuzzi, Menna-Barreto, & Xavier, 2004). To achieve this, good 
sleepers and intermediate chronotypes were recruited for this study and an immediate 
free recall paradigm was adapted for the PAL-task. Results show that there was no 
significant difference in performance when participants were tested in the morning or in 
the evening. Thus, this pilot study provides useful information that ensures that circadian 
phase does not bias results obtained.   
3.7 Conclusion 
In this chapter, the stimuli and protocol designed for the main studies in this thesis were 
validated. Experimental design, stimulation parameters, and study group selection were 
tested within the framework of their sensitivity to sleep and tDCS. The feasibility of the 
studies in this thesis was confirmed and empirical data from Pilot Study 2 to 4 suggest 
that the experimental design and paradigm of choice are appropriate. Therefore, the 
protocol now represents a robust behavioural basis for the studies in this thesis, with a 
significant behavioural effect between good/bad sleepers, no ceiling effect of task, no 
effect of circadian phase on PAL-task, and a measurable tDCS-effect on task. The 
memory task as achieved the behavioural effect required, and tDCS is sensitive to the 
task.
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CHAPTER 4 
Study 1 - Transcranial Direct Current Stimulation-
Enhanced Learning in Good and Bad Sleepers  
Overview 
Chronic partial sleep deprivation is a common phenomenon which can have a number of 
causes, ranging from medical conditions to occupational demands. Studies have shown 
that chronic partial sleep deprivation may result in cognitive deficit which accumulates 
over time, but it is not known if this has an effect on tDCS efficacy. The aim of this study 
was to investigate the effect of sleep quality on tDCS-enhanced learning in non-clinical 
population. Twenty-seven participants were recruited and grouped as good or bad 
sleepers based on subjective and objective sleep assessments. Participants were given 
tDCS or sham stimulation in a randomised cross-over design study, and declarative 
memory was assessed using the word-list learning task. The results obtained from this 
study have important implications for understanding how sleep may affect learning and 
the implication of sleep quality on tDCS efficacy. 
4.1 Introduction 
Chronic partial sleep deprivation occurs when an individual is unable to maintain a 
physiologically normal amount of sleep (Kryger et al., 2011). It is recommended that an 
average adult should sleep for 7-9 hrs daily for optimum performance (Kripke, 2004; 
Leger et al., 2014; McDonald et al., 2013); however, this is not achieved by a large 
proportion of the population, with 30-40% having chronic sleep deprivation (Alhola & 
Polo-Kantola, 2007; Waters & Bucks, 2011). Reasons for poor sleep include increased 
demand for night-shift work, longer working hours, increased long-distance travelling 
leading to jet lag and increased exposure to artificial light from electronic display screens. 
Sleep quality has been shown to affect cognitive function (Belenky et al., 2003; Dinges, 
2004; Dinges et al., 1997; Smith, McEvoy, & Gevins, 2002; Nilsson et al., 2005; Quigley 
et al., 2000), and has a key role in learning and memory (Smith et al., 2002). The 
mechanisms by which sleep exerts its effect on learning and memory overlaps with the 
putative mechanisms of transcranial direct current stimulation (tDCS) (Marshall et al., 
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2006; Marshall et al., 2011; Marshall et al., 2004). tDCS has been researched as a possible 
tool for learning enhancement in clinical and non-clinical settings, but has produced 
inconsistencies and variable outcomes (Jacobson et al., 2012). One of the reasons for this 
inconsistent could be the overlap in mechanism it possesses with sleep, with inter-
individual variability in sleep quality affecting outcome. It is this modulatory effect of 
sleep quality on tDCS-enhanced learning that is investigated in this chapter. 
4.1.1 Inter-Individual Differences in Sleep 
There are large inter-individual differences in aspects of sleep such as sleep-
timing/diurnal preferences (discussed in Chapter 1 section 1.4.3 & Chapter 5), habitual 
sleep duration (Aeschbach, Cajochen, Landolt, & Borbely, 1996; Aeschbach et al., 2001; 
Aeschbach et al., 2003) and sleep architecture (Buckelmuller, Landolt, Stassen, & 
Achermann, 2006; Tucker, Dinges, & Van Dongen, 2007), all of which combine to 
determine the overall quality of sleep of an individual. For the purpose of this chapter, 
we describe individuals with poor sleep quality as “bad sleepers” and those with good 
sleep quality as “good sleepers”. Generally, bad sleepers sleep less (Adam, 1984), and 
do not sleep as well or feel refreshed after sleep compared to good sleepers (Ficca, Conte, 
De Padova, & Zilli, 2011), often due to a decrease in total sleep time and irregular 
sleep/wake schedules (Wolfson & Carskadon, 2003). In addition, bad sleepers are 
generally characterised by the inability to initiate or maintain sleep, have cortical arousal 
before bedtime (Giganti et al., 2014), and increased sensory processing around sleep 
period (Milner, Cuthbert, Kertesz, & Cote, 2009). The causes of poor sleep pattern in 
otherwise healthy individuals are multi-factorial, as briefly touched on in the introduction 
(section 4.1). Biological factors such as shift in circadian phase and homeostatic drive 
may affect sleep quality (Kryger et al., 2005). In addition, physiological factors such as 
increased demand to work at night, pre-bed time behaviour, and lifestyle factors such as 
use of medication or substances such as caffeine, alcohol and nicotine and the sleep 
environment may all affect the quantity and quality of sleep (Kryger et al., 2005).  
Extensive research on inter-individual differences in habitual sleep duration has been 
conducted by Aeschbach and colleagues (2003). Assessment of sleepiness under constant 
environmental conditions show large variations in habitual sleep among healthy 
individuals. Similarly, nocturnal melatonin profiles, cortisol levels and body temperature 
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profiles of individuals show that the suprachiasmatic nucleus (SCN) schedules longer 
biological night for long sleepers compared to short sleepers (Aeschbach et al., 2003). 
Differences in circadian pacemaker programming of biological night may be responsible 
for large variations in sleep duration in healthy individuals, which shows a normal 
distribution in the general population (Groeger et al., 2004). A possible explanation for 
this comes from genome-wide studies on the association of sleep and circadian 
phenotypes, which show that there is a link in gene encoding prokinectin 2 (PROK2) 
with usual sleep duration (Gottlieb, O'Connor, & Wilk, 2007; Zhou & Cheng, 2005).                                                                                                                     
In addition to habitual sleep duration, sleep architecture is also highly variable among 
individuals, most of which is associated with genetic polymorphisms. Polysomnographic 
assessments in defined genotypes suggest that genetic polymorphisms may be 
responsible for inter-individual differences in slow-wave sleep (SWS), REM sleep and 
sleep EEG (Buckelmuller et al., 2006; Viola et al., 2007; Viola, James, Archer, & Dijk, 
2008). Individuals with five-repeat PER 3 polymorphism (PER35/5) have been associated 
with increased SWS, delta activity during non-REM sleep, and theta/alpha activity during 
REM sleep compared to  four-repeat polymorphisms (PER34/4) (Viola et al., 2007). In 
essence, since there are genetic and behavioural inter-individual differences in sleep, this 
suggests that sleep may play a role in inter-individual differences in tDCS-enhanced 
learning by reason of the shared mechanism between both on learning and memory 
processes (discussed in Chapter 1). The next section will present empirical and 
theorectical evidence that show that sleep can independently modulate learning and 
memory in order to inform the theoretical assumptions of this study.  
4.1.2 Effect of Chronic Sleep Deprivation on Learning and Memory 
A range of experimental paradigms have been developed to study the physiological and 
neurobehavioural effect of chronic sleep deprivation for days and up to 8 months 
(Belenky et al., 2003; Dinges et al., 1997; Friedmann et al., 1977; Webb & Agnew, 1974). 
These include gradual reduction in sleep duration over time (Friedmann et al., 1977), 
selective removal of certain sleep stages (Ferrara, De Gennaro, & Bertini, 1999a, 1999b), 
and limiting total sleep-time from individual’s baseline (Dinges et al., 1997). Early 
ideologies on the effect of chronic sleep deprivation on cognitive performance suggested 
that only subjective sleepiness was affected by chronic sleep loss and cognitive 
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capabilities were unaffected because the human body is suited to adapt to as little as 4 to 
5 hrs of sleep per day (Krueger et al., 2008). Many of these studies did not control for 
potentially confounding variables such as stimulant intake (caffeine or nicotine), level of 
activity, nutrition, napping and exposure to zeitgebers (Kryger et al., 2011; Webb & 
Agnew, 1974). For example, a study by Webb and colleagues (1974) reported that 4 to 6 
hrs sleep restriction for 8 months did not produce any significant effect on a number of 
cognitive outcomes such as working memory, vigilance and psychomotor performance 
(Webb & Agnew, 1974). However, recent studies with better experimental design 
suggest that partial or total chronic sleep deprivation impairs a range of cognitive 
outcomes, especially learning and memory (Belenky et al., 2003; Dinges, 2004; Dinges 
et al., 1997; Smith et al., 2002; Nilsson et al., 2005; Quigley et al., 2000).  There seem to 
be a masking of the genuine effect of chronic partial sleep deprivation when subjective 
report of sleepiness is assessed rather than objective cognitive performance (Van Dongen 
et al., 2003). Therefore, perceived adaptation to sleepiness by bad sleepers reported in 
early studies is a misperception of the actual effect of chronic partial sleep deprivation 
on cognitive capabilities.  
The effect of sleep deprivation is observed across age groups, as studies have observed 
impaired cognitive performance in children (Dewald, Meijer, Oort, Kerkhof, & Bogels, 
2010), adolescents (Radek & Karelian, 2013), and older adults (Nebes, Buysse, Halligan, 
Houck, & Monk, 2009) due to poor sleep quality. A review by Wolfson & Carskadon 
(2003) on studies that investigate the effect of poor sleep on academic performance in 
children indicate that decreased total sleep time, irregular sleep/wake schedules, late bed 
and rise times (eveningness), and poor sleep quality are negatively associated with 
academic performance. Similarly, a study by Radek et al. (2013) which investigated the 
effect of sleep quality in young adults, ages 18-25 years, which falls within the age-range 
of the sample population of this present study, also reported that poor sleep contributes 
to poor academic performances. Few studies have investigated the effect of the chronic 
forms of sleep deprivations on learning and memory in adults; particularly, chronic 
partial sleep deprivation. A study by Belenky et al. (2003) investigated the effect of 
chronic partial sleep deprivation on performance in a psycho-vigilance task. In this study, 
participants were randomly assigned to 3 groups; 3 hrs of sleep, 5 hrs of sleep, and 7 hrs 
of sleep daily for seven consecutive days, while controls had 9 hrs of sleep on all days. 
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A linear decline in performance was observed as the days progressed in all groups, except 
the 5 hrs and 7 hrs group, which stabilized after the first two days. The 7 hrs group 
performed better compared to the 5 hrs and 4 hrs group, both in speed and accuracy. 
Similarly, Dinges et al. (1997) reported deterioration of speed and accuracy after 33% 
sleep restriction for seven consecutive days. These studies support the argument that 
sleep is an important factor for learning and memory across all age groups, and sleep 
restrictions may lead to decline in cognitive performance.  
The effect of partial chronic sleep deprivation on memory performance is less visible 
when the rate of accumulation is slower. Drake et al. (2001) assessed performance in 12 
healthy individuals ages 21-35 following three schedules of sleep loss to a total of 8 
hours. Their results show that the performance-impairing effects of sleep loss vary as a 
function of rate, such that, after 1 night of total sleep deprivation, performance 
capabilities were significantly reduced compared to chronically restricting sleep for 4 hrs 
or 6 hrs per night (Drake et al., 2001). This suggests that a compensatory adaptive 
mechanism is ongoing with the accumulation of sleep debt. Overall, the studies described 
above show that chronic sleep deprivation, whether accumulated gradually or at a fast 
rate is detrimental to cognitive performance.  
Available evidence suggests that the mechanisms by which sleep modulates learning and 
memory seem to overlap with the putative mechanisms of tDCS (Fritsch et al, 2010; 
Marshall et al., 2006), which is the modulation of neuroplasticity processes such as LTP. 
Previous studies have explored this interaction by combining tDCS and sleep to modulate 
learning and memory (Diekelmann, 2014; Lo, Dijk, & Groeger, 2014; Marshall, Molle, 
Hallschmid, & Born, 2004; Reato et al., 2013). Following this evidence, we believe that 
changes in sleep quality will alter tDCS efficacy. Specifically, we hypothesise that good 
quality sleep is essential for tDCS efficacy. This hypothesis is based on the idea that good 
quality sleep will provide an optimal brain state, such that, when combined with tDCS 
will allow for the optimal enhancement of learning and memory. The link between tDCS 
and sleep is discussed further below.
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4.1.3 tDCS-Enhanced Working Memory and Sleep  
Before exploring the link between sleep and tDCS in this chapter, it is important to 
explore present state of learning and memory enhancement using tDCS in the literature. 
Innumerous studies have enhanced or attempted to enhance working memory using 
tDCS. Research on the effect of tDCS on working memory has primarily been focused 
on memory for objects or word-lists, and spatial location (Coffman et al., 2014). The 
application of tDCS to enhance working memory is based on its neurophysiological 
effect on the dorsolateral prefrontal cortex (DLPFC), which is an area of the prefrontal 
cortex that is critical for working memory (Braver et al., 1997; Courtney, Ungerleider, 
Keil, & Haxby, 1996; Rypma & D'Esposito, 2003), thus it has become a common target 
for tDCS cognitive research (Coffman et al., 2014; Floel et al., 2004; Horvath et al., 2015; 
Tulving et al., 1994). There is a lot of debate on the effect of tDCS on working memory. 
Behavioural and electrophysiological evidence exists, which support the enhancement 
effect of tDCS to the function of the DLPFC (for see Coffman et al., 2014 for a 
comprehensive review); however, a meta-analysis conducted by Horvath et al. (2015) 
did not find a substantial effect of tDCS to the DLPFC on working memory. These 
findings have been criticised for only accounting for post-stimulation scores from 
selected studies, ignoring differences in scores before and after stimulation (Chhatbar & 
Feng, 2015). Despite the continuous debate over the effect of tDCS on working memory, 
the vast majority of studies have reported improvement in performance in a number of 
cognitive functions such as verbal episodic memory (Manenti, Brambilla, Petesi, Ferrari, 
& Cotelli, 2013), object recognition (Clark et al., 2012), attention (Coffman, Trumbo, & 
Clark, 2012), and creativity (Chrysikou et al., 2013). Therefore, there is sufficient 
evidence to justify the use of tDCS to enhance working memory. That said, there is a 
need to understand why some studies have reported negative outcomes with tDCS as 
highlighted in Horvath et al.’s (2015) review. This study chapter makes a case for sleep 
quality, with evidence linking both tDCS and sleep to neuroplasticity process of learning 
and memory previously discussed in Chapter 1.  
Cognitive functions have been shown to be prone to variabilities in tDCS-compared to 
its effect on motor functions (Jacobson et al., 2012). The heterogeneity in cognitive 
studies across the literature is often attributed to variabilities in tDCS stimulation 
parameters. However, some studies that have adopted the same stimulation parameters 
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have reported different outcomes (Horvath et al., 2015), thus suggesting inter-individual 
differences in tDCS-effect are likely to stem from a range of intrinsic and extrinsic factors 
such as brain morphology, age, gender, nutrition, stress and sleep. Sleep in particular 
seems to be a potent source of individual differences due to the overlap between sleep-
dependent neuroplasticity processes and tDCS mechanism of memory enhancement 
discussed in Chapter 1. In brief, both tDCS and sleep modulate LTP/LTD via NMDA 
and BDNF-dependent mechanisms (Chen & Roche, 2007; Faraguna et al., 2008; Martin 
& Finsterwald, 2011; Tononi and Cirelli, 2006; Stickgold, 2005; Stickgold & Walker, 
2005a, 2005b; Stone et al., 1992). In addition, studies have not only combined tDCS and 
sleep to enhance memory (Marshall et al., 2004; Marshall et al., 2006), but have also 
used tDCS as a tool to modulate sleep (Frase et al., 2016). Therefore, the theoretical basis 
put forward in this study and available empirical data provide substantial justification to 
back up the hypothesis that sleep quality is a potential modulator of tDCS-enhanced 
learning. We propose that as sleep quality declines, there will be a decrease in tDCS-
efficacy, and the better an individual’s sleep quality is, the better the tDCS-outcome on 
learning and memory. Further rationale for this study is discussed below.  
4.1.4 Current Study 
Based on the theoretical considerations noted above that sleep and tDCS share similar 
mechanisms on learning and memory, the present study sought to determine the 
modulatory effect of sleep quality on tDCS-enhanced learning using a word-list learning 
task. This task was used because previous studies have demonstrated that declarative 
memory can be enhanced when tDCS is applied during sleep (Marshall et al., 2006); 
however, no study has assessed subjective and objective sleep quality on tDCS-enhanced 
learning. In addition, only two studies have manipulated sleep by using a sleep 
deprivation protocol in order to observe changes in tDCS-effect (McIntire et al., 2014; 
McIntire, McKinley, Nelson, & Goodyear, 2017); both of which found a significant 
interaction between sleep and stimulation. This present study aimed to replicate previous 
studies that have shown poor sleep quality affects performance, and further investigate 
an interaction between tDCS and the sleep quality.  
Having good knowledge of sleep-tDCS interaction will not only enable researchers to 
eliminate any bias of sleep, but inform novel tDCS therapeutic interventions in a more 
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person-centred approach, taking account of their sleep quality. Given the large number 
of people with sleep disorders due to neurological disorders, night shift work or 
blindness, the results from this study will open up possibilities for the application of 
tDCS. Furthermore, sleep disorders such as insomnia, irregular sleep-wake cycle, 
fragmented sleep, excessive day time naps, delayed sleep phase, and sleep related 
movement disorders are associated with many neurological disorders, which include 
schizophrenia, Alzheimer’s disease, multiple sclerosis, Parkinson’s disease (Chaudhuri 
et al., 2002; Raggi, Bella, Pennisi, Neri, & Ferri, 2013), obsessive compulsive disorders 
and stroke (Wulff et al., 2009). These sleep disorders may potentially contribute to the 
progression of associated neurological disorders and prolonged treatment. Since tDCS 
has been proposed a potential adjuvant therapy for treating neurological disorders, 
studies of this nature are important in order to design interventions for treating 
neurological disorders, while taking consideration of pre-existing or post diagnosis sleep 
disorders (Ebajemito et al., 2016). 
As previously highlighted in section 4.1.3, there are inconsistencies in the tDCS-effect 
in working memory. This current study offers an opportunity for us to access if sleep 
may be the cause of variability in cognitive studies that use tDCS. To investigate this, we 
stimulated the right DLPFC while participants took the word-list learning task as detailed 
in the methodology chapter. Although, both the left and right DLPFC are involved in 
semantic processing (Beeman, 1993; Jung-Beeman, 2005), this study focused on the right 
DLPFC because of the advantage the right DLPFC has over the processing of complex 
words and demanding cognitive tasks (Beeman, 1993; Mitchell, Vidaki, & Lavidor, 
2016). The right DLPFC also plays a role in the sustenance of alertness in learning 
process (Mannarelli et al., 2015), and this is particularly important in this study has poor 
sleepers may have difficulty sustaining alertness during the task (Alapin et al., 2000).  In 
addition, the close proximity of the DLPFC to the supplementary motor areas may also 
be beneficial to the motor component of the word-list learning task as participants were 
required to write recalled words (Jones, Rosenkranz, Rothwell, & Jahanshahi, 2004).  
The use of subjective (PSQI) and objective (actigraphy) sleep assessment in this current 
study allowed us to investigate sleep quality in a non-laboratory environment. The PSQI 
is a reliable and validated self-report sleep quality questionnaire (Buysee et al., 1989; 
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Grandner, Kripke, Yoon, & Youngstedt, 2006). Actigraphy is a non-invasive tool for 
assessing sleep/wake activity cycles, for example, sleep fragmentation which can be used 
as an index of sleep quality (Schutte-Rodin, Broch, Buysse, Dorsey, & Sateia, 2008; van 
den Berg et al., 2008). Sleep fragmentation index is the amount of interruption of sleep 
by physical movement (Haba-Rubio, Ibanez, & Sforza, 2004). Using both PSQI and 
actigraphy in this study was useful because of the numerous constrains associated with 
sleep laboratory sessions, such as lack of access to participants’ natural environment, 
little information about the time of the day, and sometimes having strict sleep and wake 
times. All these factors may potentially confound results. Therefore, the approach used 
in this current study provides a naturalistic account of sleep habits in our sample 
population in order to address practical, theoretical, and methodological issues relevant 
to the clinical and research applications of tDCS.  
Based on the theoretical assumption that sleep and tDCS share similar mechanisms on 
learning and memory via NMDA and BDNF-dependent LTP/LTD neuroplasticity 
processes, this current study sort to address the research aims highlighted below.  
4.1.5 Research Aims 
The aim of this current study was to investigate the effect of tDCS-enhanced learning in 
good sleepers and bad sleepers. Overall, the following research questions were 
addressed: 
1. Sleep: What is the effect of good quality sleep and bad quality sleep in a non-clinical 
population on performance in a word-list learning task? 
2. tDCS and Sleep:  
a) How does good or bad quality sleep affect tDCS-efficacy in a healthy population? 
b) Can tDCS compensate for poor memory performance associated with poor sleep quality? 
4.1.6 Hypotheses  
1. Sleep: Cognitive performance (word-list recall) in sham tDCS condition will be better in 
good sleepers compared to bad sleepers.  
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2. tDCS and Sleep: Cognitive performance (word-list recall) will increase during real tDCS 
compared to sham tDCS and this increase will be greater in good sleepers compared to 
bad sleepers. 
4.2 Methods 
4.2.1 Participants 
Twenty-seven volunteers (6 males, 21 female) mean age 21.2 ± 3.15 participated in this 
study. This sample size is consistent with studies that have investigated the effect of tDCS 
on working memory, as well as sleep (McIntire et al, 2014; Marshall et al., 2004). 
Specific recruitment criteria were applied in order to ensure the eligibility and suitability 
of participants selected for this study (Chapter 2, section 2.2.1). None of the participants 
had history of psychiatric or neurological disorders, or were taking any medication that 
could interfere with the central nervous system processes. Written informed consent was 
obtained from each participant and each participant was asked to read the participant 
information sheet prior to the study. Participants had the right to withdraw from the study 
at any time, without stating reasons for withdrawal. Results and data obtained from this 
study were stored in strictest confidence in compliance with the Data Protection Act 
(1998). 
Prior to the study, participants completed the Pittsburgh Sleep Quality Index (PSQI; 
Buysee et al., 1989), Morningness and Eveningness Questionnaire (MEQ; Horne & 
Ostberg, 1976), Hospital Anxiety and Depression Scale (HADS; Zigmond & Snaith, 
1983), Edinburgh Handedness Inventory (EHI; Oldfield, 1971) and general 
demographics questionnaire. For details of these questionnaires, please refer to the 
methodology chapter (Chapter 2).  
Two groups, based on sleep quality, were created using either the PSQI or the sleep 
fragmentation index output from Actiwatch (Cambridge Neurotech Ltd). Good sleepers 
had either global PSQI ≤ 5 or sleep fragmentation Index < 50, whereas bad sleepers 
exhibited global PSQI ≥ 8 or sleep fragmentation index ≥ 50 (See the methodology 
chapter for details on scoring of PSQI and actigraphy data extraction). PSQI data from 
27 participants (14 good sleepers, 13 bad sleepers) were reported, whereas 26 Actiwatch 
 131 
 
data (15 good sleepers, 11 bad sleepers) were reported due to data loss from one 
participant’s Actiwatch. There was no concordance between PSQI and actigraphy 
assessment of sleep quality in 8 participants. A possible explanation for this is that 
actigraphy assesses sleep/wake activity, and this data was collected over a week, while 
PSQI assessed sleep over 1-month. See methodological chapter for details of group 
selection using PSQI and sleep fragmentation index. The demographics of all 
participants, and of the groups when split by PSQI or sleep fragmentation are shown in 
Table 4.1.  
4.2.2 Experimental Design 
The study was a randomised cross-over design, whereby all participants received real 
tDCS or sham stimulation, with a week interval between each condition to eliminate any 
practise effect. During the 1 week interval, participants wore an Actiwatch to monitor 
their sleep quality, quantity and variability within that period (Figure 4.1). The studies 
were conducted between 11:00 and 13:00 hrs in order to control for time and to eliminate 
potential influence of diurnal synchrony with performance. 
 
Figure 4.1 | Schematic diagram of the experimental design showing initial screening of 
participants (General demographics questionnaire, PSQI, EHI, HADS, MEQ and tDCS 
screening), first and second study sessions with real or sham tDCS during the word-list learning 
task, and 1 week interval between study sessions with Actiwatch.
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4.2.3 Experimental Procedures 
All participants received both real tDCS and sham stimulation in order to investigate its 
effect on performance. Prior to the start of the experiment, participants completed the 
Karolinska Sleepiness Scale (KSS; Akerstedt & Gillberg, 1990) to access current state 
of sleepiness. Test instructions were given to participants verbally and on the computer 
display screen. 1 mA anodal direct current (DC) was delivered for 20 min to the right 
DLPFC while the cathode was placed over the left contralateral supraorbital region as 
described in the methodology chapter. Current was gradually ramped up over 10 s at the 
onset of the stimulation and gradually ramped down upon completion of stimulation. 
While the stimulation proceeded, participants took the word-list learning task as 
described in the methodology chapter. It was not disclosed to the participants whether it 
was real or sham stimulation they received to prevent placebo effect. At the beginning of 
the stimulation, both participants that received real and sham stimulation reported mild 
itching sensation which disappeared within few seconds to a minute. After the study, 
participants were asked if they could guess if they received real stimulation or sham 
stimulation.  
Upon completion of session 1, participants were given an Actiwatch which was worn on 
the non-dominant hand to measure sleep and activity pattern between sessions.  Once the 
study was completed, data from the Actiwatch was downloaded onto a computer via the 
Actiwatch Reader and analysed using Actiwatch Sleep Analysis software (version 5.48, 
Cambridge Neurotechnology Ltd). 
4.2.4 Data and Statistical Analysis 
The number of correct words written from the word-list learning task was converted into 
percentages scores (% recall) and used as an index of performance. Change in 
performance (Δ performance) with tDCS compared to sham was calculated by 
subtracting % recall with tDCS from % recall with sham stimulation. All data (% recall, 
Δ performance, age, PSQI, sleep fragmentation index, MEQ, KSS, HADS, EHI) were 
checked for normality, with non-normal distribution found for age, MEQ score, 
depression, and sleep fragmentation index. Sleep fragmentation index was automatically 
calculated by dividing the groups of consecutive immobile 30 s epochs by the total 
number of immobile epochs, and multiplying this value by 100. 
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Participants’ data were grouped as good sleepers and bad sleepers based on subjective 
(PSQI) and objective (Actiwatch) sleep assessments, as described in section 4.2.1. 
Demographic differences between groups (age, anxiety, depression, day-time sleepiness) 
were tested using t-test (for data with normal distribution) or a Mann Whitney U test for 
data with non-normal distribution). Performance differences between the groups (good 
vs bad) were analysed using a 2 × 2 repeated measure analysis of variance (ANOVA). 
Wilk’s Lambda statistic was reported for all ANOVA analyses. Actiwatch data which 
had non-normal distribution were analysed using Kruskal-Wallis Test and test 
association was calculated using Kendal’s tau Rank Correlation Coefficient. Finally, a 
correlation was conducted between change in performance due to tDCS (Δ performance) 
and sleep quality (global PSQI score or sleep fragmentation index) using a Kendal’s tau 
correlation. 
 
Although a week interval was given between study sessions in order to rule out practise 
effects, an ANOVA was performed to assess performance differences between the first 
and second study sessions, irrespective of tDCS or sham stimulation condition. In 
addition, order effects were assessed in conditions (tDCS and sham) and subgroups (good 
vs bad sleep) to identify if there was a carry-over effect of receiving tDCS before sham. 
Cohen’s d effect size was calculated to determine the magnitude of the difference 
between groups and p-value threshold was set at .05. Statistical analyses were conducted 
using IBM SPSS (version 22, IBM Corp. Armonk, New York USA) and graphs were 
plotted using GraphPad Prism (version 6; GraphPad Software, Inc California USA) and 
Microsoft Excel 2010 (Microsoft, St. Redmond, Washington USA).
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4.3 Results 
4.3.1 Demographics 
PSQI data from 27 participants were reported and 26 Actiwatch data were reported due 
to data loss from one participant’s Actiwatch. All participants were unaware of the 
condition they were in during both tDCS and sham stimulation. There was no report of 
adverse side-effect of tDCS; adverse side-effects here refer to any medical occurrence in 
a participant as a result of administration of tDCS. Occasionally, participants reported 
itching sensation, which lasted few seconds at the beginning of the stimulation.  
Participants split by subjective sleep quality (PSQI; good sleepers: n =14; bad sleepers: 
n = 13) exhibited no significant difference in age, gender, diurnal preference, sleepiness 
before or after each session, and anxiety. However, bad sleepers (M = 4.46 ± 2.90) had a 
significantly greater subjective depression symptom compared to good sleepers (M = 
1.43 ± 1.08); U(25) = 29.0, p = .002, d = 1.5 (Table 4.1). Similarly, participants split by 
objective sleep quality (sleep fragmentation index; good sleepers: n =15; bad sleepers: n 
= 11) exhibited no significant difference in age, gender, diurnal preference, sleepiness 
before or after each session, and anxiety (Table 4.1). However, there was a significant 
difference in depression between good sleepers (M = 1.60 ± 1.72) and bad sleepers (M = 
4.09 ± 3.11); U(24) = 29.0, p = .002, d = 1.5. Lastly, PSQI and actigraphy categorized 
different individuals (n = 8) as good sleepers and bad sleepers; therefore, data from both 
sleep assessments are reported separately. Demographics of all participants and their 
groups (PSQI and actigraphy) are reported in Table 4.1 and Appendix C1.
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Table 4.1 | Participants’ demographics. 
Demographics  Number (n) Mean* p-value† 
All Participants 
Number (n)  27 n/a n/a 
Age  27 21.2 ± 3.15 n/a 
                  
Gender 
Male 6  n/a 
n/a 
Female 21 n/a 
 
 
Chronotype 
Morning-type 6 59.0 ± 10.2 
.001 Intermediate 16 47.8 ± 8.43 
Evening-type 5 34.5 ± 9.74 
 
Sleepiness 
KSS Pre-Score 27 3.67 ± 1.49 
.90 
KSS Post-Score 27 3.63 ± 1.39 
 
HADS 
Anxiety 27 5.56 ± 3.02 n/a 
Depression 27 2.89 ± 2.62 n/a 
 
Handedness 
Left-Handed 0 n/a 
n/a 
Right-Handed 27 .94 ± .12 
Split by PSQI 
 
Sleep Quality 
Good Sleepers 14 3.71 ± .30 
< .001 
Bad Sleepers 13 9.00 ± .25 
 
Age 
Good Sleepers  14 21.0 ± 2.96 
.758 
Bad Sleepers  13 21.38 ± 3.45 
 
Gender 
Good Sleepers 
Male  
2 n/a 
n/a 
Bad Sleepers Male 4 n/a 
Good Sleepers 
Female 
12 n/a 
n/a 
Bad Sleepers 
Female  
9 n/a 
 
Morning-type 
Good Sleepers  2 60.5 ± 2.12 
.38 
Bad Sleepers  4 58.25 ± 13.0 
 
Intermediate 
Good Sleepers  8 51.4 ± 3.25 
.06 
Bad Sleepers  8 47.6 ± 5.21 
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Evening-type 
Bad Sleepers  4 24.5 ± 9.00 
n/a 
Bad Sleepers  1 41.0 ± 0.00 
 
KSS-Pre 
Good Sleepers  14 3.57 ± 1.51 
.738 
Bad Sleepers 13 3.77 ± 1.48 
 
KSS-Post 
Good Sleepers  14 3.50 ± 1.51 
.623 
Bad Sleepers  13 3.77 ± 1.30 
 
Anxiety 
Good Sleepers  14 5.36 ± 3.08 
.730 
Bad Sleepers  13 5.77 ± 3.06 
 
Depression  
Good Sleepers 14 1.43 ± 1.09 
.002 
Bad Sleepers  13 4.46 ± 2.90 
Split by Actiwatch 
Sleep Quality 
Good Sleepers 15 33.1 ± 8.63 
 
Bad Sleepers 11 73.7 ± 20.3 
Age 
Good Sleepers  15 21.3 ± 3.66 
.927 
Bad Sleepers  11 21.45 ± 2.73 
 
Gender 
Good Sleepers 
Male  
2 n/a 
n/a 
Bad Sleepers Male 5 n/a 
Good Sleepers 
Female 
12 n/a 
n/a 
Bad Sleepers 
Female  
9 n/a 
Morning-type Good Sleepers  4 62.5 ± 5.20 
.29 
 Bad Sleepers  2 57.0 ± 9.90 
Intermediate Good Sleepers  6 49.5 ± 1.05 
.12 
 Bad Sleepers  6 51.5 ± 3.62 
Evening-type Bad Sleepers  5 31.6 ± 10.6 
.28 
 
Bad Sleepers  3 39.7 ± 19.5 
KSS-Pre Good Sleepers  15 3.53 ± 1.64 
.76 
 Bad Sleepers 11 3.73 ± 1.49 
KSS-Post Good Sleepers  15 3.27 ± 1.49 
.171 
 Bad Sleepers  11 4.09 ± 1.45 
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Anxiety 
Good Sleepers  15 6.07 ± 3.31 
.362 
Bad Sleepers 11 4.91 ± 1.72 
Depression  Good Sleepers  15 1.60 ± 1.72 
.002 
Bad Sleepers 11 4.09 ± 3.11 
* Data represent mean and standard deviation. 
† Significant p-value was conducted at .05 significant level. 
4.3.2 The Effect of Subjective Sleep Quality on Performance (PSQI) 
There was a significant main effect of stimulation on performance across all participants 
in the word-list learning task (percent of words recalled; Figure 4.2A & B), with 
performance greater during tDCS (M = 73.1 ± 13.9) compared to sham stimulation (M = 
62.4 ± 16.4) (F(1, 25) = 27.1, p = <.001, ηp2 = .52). Although numerical data indicate 
better performance in good sleepers (M = 71.9 ± 2.80) compared to bad sleepers (63.3 ± 
3.10), this did not reach significance; F(1, 25) = 2.61, p = .11, ηp2 = .09); Figure 4.2A & 
C. There was no interaction between tDCS and sleep quality (F(1,26) = .07, p = .793, ηp2 
= .003). Furthermore, there was no significant correlation between performance and sleep 
quality across groups (global PSQI score) and change with tDCS and sham stimulation 
(Δ performance); r = .13, p = .495 (Figure 4.2D). However, single group correlation 
revealed a trend in correlation between good sleepers and performance (r = .53, p = .05, 
but not in bad sleepers (r = -.10, p = .747). 
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Figure 4.2 | (a) % recall in the word-list learning task between good sleepers who received tDCS, 
bad sleepers who received tDCS, good sleepers who received sham stimulation and bad sleepers 
who received sham stimulation, grouped using subjective sleep quality assessment (PSQI) b) % 
recall in the word-list learning task in tDCS and sham conditions; c) % recall in the word-list 
learning task in good sleepers and bad sleepers; d) correlation  between global PSQI score and 
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change in performance (Δ performance) after tDCS. ***p < .001; errors bars indicate standard 
error of the mean. 
4.3.3 The Effect of Objective Sleep Quality on (Actiwatch) Performance  
There was a significant main effect of tDCS on performance in the word-list learning 
task, with greater performance during tDCS (M = 76.0 ± 14.6) compared to sham (M = 
64.4 ± 17.0); F(1, 24) = 38.2, p = <.001, ηp2 = .61  (Figure 4.3A & B). However, there 
was no main effect of sleep quality on cognitive performance (good sleepers: M = 70.9 
± 3.97; bad sleepers: M = 69.4 ± 4.64); F(1, 24) = .06, p = .808, ηp2 = .003), and no 
interaction between tDCS and sleep quality (F(1, 24) = .04, p = .836, ηp2 = .002); Figure 
4.3A & C. Furthermore, there was no significant correlation between performance 
change with tDCS (Δ performance) and sleep quality (sleep fragmentation) across 
groups; rτ = -.14, p = .35 (Figure 4.3D). Single group correlation revealed no correlation 
between good sleepers and performance (r = -.003, p = .99), and bad sleepers and 
performance (r = .203, p = .550). 
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Figure 4.3 | (a) % recall in the word-list learning task between good sleepers who received 
tDCS, bad sleepers who received tDCS, good sleepers who received sham stimulation and 
bad sleepers who received sham stimulation, grouped using objective sleep quality (Sleep 
Fragmentation Index) b) % recall in the word-list learning task in tDCS and sham 
conditions; c) % recall in the word-list learning task in good sleepers and bad sleepers; d) 
rτ = -.14, p = .35 
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correlation  between global PSQI score and change in performance (Δ performance) after 
tDCS. ***p < .001; errors bars indicate standard error of the mean. 
 
4.3.4 Session and Order Effect 
Numerical data showed that participants performed better in the second study session, 
however, practise effect in this task did not reach significance when participants were 
split by PSQI (session 1: M = 67.2 ± 18.1 and session 2: M = 72.3 ± 13.6; F(1, 25) = 3.18, 
p = .087, ηp2 = .11) and there was no interaction between sleep quality and study sessions; 
rτ = .15, p = .297. Similarly, when participants were split by sleep fragmentation index, 
overall performance between study sessions did not reach significance (session 1: M = 
67.2 ± 18.4 and session 2: M = 71.4 ± 13.0; F(1, 25) = 2.39, p = .09, ηp2 = .09) and there 
was no interaction between sleep quality and study session; F(1, 24) = .47, p = .501, ηp2 
= .01. 
Overall, there was a significant order effect of receiving tDCS before sham (p = <.001), 
but not sham before tDCS (p = .08). There was a significant order effect of receiving 
tDCS before sham in good sleepers (p < .001) and bad sleepers (p = .001), but no 
significant order effect in receiving sham stimulation before tDCS in good sleepers (p = 
.29) and bad sleepers (p = .23); (Appendix D).  
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4.4 Discussion 
4.4.1 Overall findings 
The present study investigated tDCS-enhanced learning in good sleepers and bad 
sleepers, using both subjective and objective sleep assessment. tDCS-enhanced learning 
was accessed using a word-list learning task, a task designed to assess declarative 
memory in a free recall paradigm. The hypotheses we put forward that better sleep will 
be beneficial in performing task (during sham tDCS) and that tDCS will have a greater 
enhancing effect in those with better sleep. Furthermore, we proposed that there will be 
a significant tDCS-effect on memory performance in “good” sleepers. The results 
obtained are contradictory to these hypotheses, with no main effect of sleep quality and 
no interaction between sleep quality and stimulation. There was however a main effect 
of stimulation, whereby administration of tDCS improved memory performance across 
participants. These results suggest that sleep quality does not affect variability in tDCS-
effect on cognitive performance. These findings are further discussed below. 
4.4.2 Effect of Partial Chronic Sleep Deprivation on Learning and Memory 
Previous studies have shown that chronic partial sleep deprivation affect cognitive 
performance (Alhola & Polo-Kantola, 2007; Belenky et al., 2003; Smith et al., 2002; 
Nilsson et al., 2005; Quigley et al., 2000). Although, the present study did not replicate 
these findings, numerical values showed that good sleepers performed better than bad 
sleepers, but this did not reach significance. A possible explanation for this result is that 
data was obtained from non-clinical bad sleepers, and the small subgroup sample size 
may not sufficient for an observable effect. Precisely, participants were grouped based 
on measurements that were within non-clinical boundaries (Buysse et al., 2008), with 
mean PSQI score of 9.00 ± .25 and sleep fragmentation index of 73.7 ± 20.3. Therefore, 
another interpretation could be that the level of chronic partial sleep deprivation was not 
enough to elicit an effect on tDCS efficacy. In addition, the small effect size could have 
reduced the power of detecting differences between sleep groups. The small effect size 
thus affects the generalizability of the findings to the whole population. 
There was no correlation between sleep quality across groups and tDCS-effect. 
Correlation between sleep quality as assessed by the PSQI and tDCS-effect seem to have 
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an inverted U-shaped model. Following this model, it seems peak performance with 
tDCS may be achieved when subjects have moderate level of sleep quality, and if very 
low or too high PSQI scores may result in a decline between tDCS-effect. It is not 
completely clear if this is the case, as the small sample size and PSQI cut-offs used does 
not allow us to completely determine this. However, single group correlation revealed a 
trend in correlation between good sleepers and tDCS-effect, but not in bad sleepers. This 
further supports the idea that the sleep quality and tDCS-effect may have an inverted U-
shaped interaction. This possibility needs further investigation.  
 
Although, the majority of the literature reports cumulative cognitive deficits in bad 
sleepers, inter-individual variability in cognitive outcomes of sleep loss is significant and 
may be an explanation for the results obtained in this study (Dorrian Jillian & Dinges., 
2005; Durmer & Dinges, 2005; Kryger et al., 2011). The inter-individual variability is 
evident in studies described in this chapter as some individuals may show severe 
cognitive impairment following modest sleep restrictions, while others may show little 
or no effect. In the current study, some bad sleepers did not have significant decline in 
performance, hence bad sleepers had the same performance range (58%) with good 
sleepers (58%). This may be due to individual differences in tolerability to sleep loss 
(Klerman & Dijk, 2005), which in chronic sleep deprivation will be more pronounced as 
a result of adaptation over time. This point is crucial as individuals sleep needs differ, 
such that, acute or chronic sleep deprivation may express side-effects differently between 
two individuals. Also, there may be individual differences in the how sensitive the sleep 
homeostat is to sleep loss, thus affecting how tolerant an individual is to poor sleep 
(Kryger et al., 2011). It has been postulated that inter-individual difference in the effect 
of sleep loss on cognitive performance is due to basal levels of sleep needs and circadian 
trait differences (optimal circadian sleep/wake phase) (Roth & Roehrs, 2003), however, 
these factors are still poorly understood. Further research is needed to validate results 
obtained in this study.  
4.4.3 Effect of tDCS and Sleep on performance  
1 mA anodal DC was delivered for 20 min to the right DLPFC while the cathode was 
placed over the left contralateral supraorbital region. This stimulation parameter is 
common in the literature, well tolerated, and provides a tDCS after-effect which is 
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sufficient for the completion of the immediate recall task (Hummel et al., 2005; Hummel 
& Cohen, 2005). The counterbalance between tDCS and sham was successful as there 
was no evidence of practice effect between study sessions. Significant order effect was 
only present if tDCS was received before sham stimulation, thus indicating no carry-over 
effect of tDCS. Studies have shown that after-effect of 20 min 1 mA stimulation last 
between 30-60 min; therefore, it is very unlikely that prior stimulation will have an effect 
after the one week interval (Hummel et al., 2005; Hummel & Cohen, 2005). A significant 
main effect of stimulation was reported, indicated by better performance with tDCS 
compared to sham stimulation. These findings support a number of studies that suggests 
tDCS can potentially induce a reliable increase in cognitive performance (Chhatbar & 
Feng, 2015; Choe et al., 2016; Dockery et al., 2009; Floel et al., 2008; Fregni, Boggio, 
Nitsche, et al., 2005; Iyer et al., 2005; McKendrick et al., 2014; Nitsche, Fricke, et al., 
2003). The observed facilitatory effect of tDCS observed in this study may be due to 
online enhancement of declarative memory processing. 
Although we hypothesised that there would be an interaction between sleep quality and 
stimulation, such that, tDCS-effect will be greater in good sleepers compared to bad 
sleepers; however, this was not observed. Rather, both good sleepers and bad sleepers 
seem to benefit from tDCS. This hypothesis was based on the shared mechanisms 
between tDCS and sleep on learning and memory earlier discussed (section 4.1.3), 
therefore, it was expected that poor sleep will lead to poor tDCS outcomes, while good 
sleep will lead to better tDCS outcomes. Notably, numerical values suggest that bad 
sleepers who received tDCS had the largest change in performance compared to good 
sleepers, but this did not reach significance. A possible explanation for this could be that 
good sleepers who are already performing well had reached a ceiling or threshold, and 
could no longer benefit from tDCS. Furthermore, improvement in performance with 
tDCS in bad sleepers group who performed the lowest with sham stimulation may be 
through the improvement in attention control (Coffman et al., 2014), although this was 
not measured. This explanation seems reasonable as available empirical evidence show 
that bad sleepers report more daytime sleepiness, feel more depressed (also observed in 
this study) and have difficulty concentrating during the day (Alapin et al., 2000). 
Therefore, poor sleep may affect encoding, for example, because of poorer attention or 
less depth of memory processing (Alhola & Polo-Kantola, 2007). In addition, sleep 
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deprivation has been linked to attention-depended neural processing (Ma, Dinges, 
Basner, & Rao, 2015), such that, five nights of chronic sleep restriction affects levels of 
attention and subjective sleepiness even after extended night of sleep (Banks, Van 
Dongen, Maislin, & Dinges, 2010; Gumenyuk et al., 2011). tDCS to the DLPFC has been 
shown to improve sustained attention (Coffman, Trumbo, & Clark, 2012; Nelson, 
McKinley, Golob, Warm, & Parasuraman, 2014). Therefore, it is conceivable that bad 
sleepers in this study may have struggled with attention and tDCS may have been able to 
mitigate attention degradation in this group.  
Taken together, data from this study support the proposition that tDCS may be well suited 
for the enhancement of working memory (Oliviera et al., 2013; Sandrini et al., 2012; Wu 
et al., 2014; Zaehle et al., 2011). Particularly, since one of the consequences of poor sleep 
quality is a decline in working memory performance (Pace-Schott & Spencer, 2011; 
Alhola et al., 2007), tDCS could be useful to alleviate the decline in performance 
(McIntire et al., 2014; McIntire et al., 2017).
 146 
 
4.4.4 Further Theoretical Considerations and Methodological Limitations 
There are a number of points to be considered when interpreting results from this study. 
Firstly, criticisms of the sleep-dependent learning and memory theory suggest that other 
factors rather than sleep per se promote memory consolidation. They also highlight the 
various methodological limitations of sleep/learning studies. As the sleep-dependent 
learning and memory theory and the tDCS-modulation of neuroplasticity processes forms 
the basic tenets underlying this research, it is important to address these concerns.  
The results obtained from this study indicate that there was no interaction between sleep 
quality and tDCS. However, this result should be interpreted with caution as sleep alone 
may not justify the efficiency of cognitive performance. Rather, studies have shown that 
a number of biological/lifestyle factors, most importantly, sleep (Philip et al., 2012), 
physical activity (Barenberg, Berse, & Dutke, 2011; Burkhalter & Hillman, 2011; Voss, 
Nagamatsu, Liu-Ambrose, & Kramer, 2011), and nutrition (Burkhalter & Hillman, 2011; 
Gomez-Pinilla, 2008) influence cognitive performance. Detailed review of the potential 
mechanisms of the impact of the aforementioned factors on cognitive performance is 
available in the literature (sleep – Tononi & Cirelli., 2014; physical activity - Barenberg 
et al., 2001; nutrition – Gomez-Pinilla., 2008). 
Nutrition is a particularly interesting factor that should be considered when interpreting 
the results from this study due to its link to cognitive function and cerebral glucose 
consumption during tDCS (Gomez-Pinilla, 2008; Binkofski et al., 2011). There has been 
a lot of discussion on the benefit of breakfast on cognitive performance (Dye, Lluch, & 
Blundell, 2000; Hoyland, Dye, & Lawton, 2009). A systematic literature review by 
Hoyland et al. (2009) which aimed at investigating the best evidence of the effect of 
breakfast on cognitive performance from controlled studies shows a positive correlation 
of breakfast consumption with cognitive performance compared with breakfast omission. 
With regard to tDCS, excitatory tDCS reduces the action potential threshold of 
subcortical neurones, making them to fire more spontaneously, therefore, consuming 
more energy (glucose). Consequently, a reduction in post-stimulation glucose have been 
observed with anodal-tDCS compared to sham stimulation (Binkofski et al., 2011; Silva 
et al., 2015). In the present study, it is unknown if time from last meal affected 
performance. Participants took the study between 11:00 and 13:00 hrs. The time of last 
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meal could be hours if the last meal they had was breakfast and took the experiment 
around 11:00 hrs or it could be minutes if the last meal was lunch and took the experiment 
at 12:30 hrs for example. 
In the present study, non-clinical depression levels were significantly higher in bad 
sleepers compared to good sleepers (p = .002). One of the underlying symptoms of 
depression include cognitive impairment, as well as attention biases (Marchetti et al., 
2017; Schwert, Aschenbrenner, Weisbrod, & Schroder, 2017). Although, it is unclear if 
depression levels affected performance in this study, acknowledging this is an important 
consideration for the interpretation of the results obtained, especially in the context of 
neurological disorders. Mixed results have been obtained from studies investigating the 
effect of sleep on cognitive performance in neurological patients. Data stemming from 
research in patients with neurological disorder show that disruption in sleep physiology 
may not have any effect on learning and memory. For example, psychiatric patients on 
antidepressants show reduction in REM sleep and this has little or no effect on learning 
and memory (Grant & Adams, 1996). Therefore, it is not certain what effect will sleep 
have on tDCS-enhanced learning in infirm population. Lastly, other theoretical 
considerations that are relevant to this study include bias associated with self-report 
questionnaires and small sample size. 
4.4.5 Implication of findings 
The goal of this study was to determine if sleep quality will affect tDCS efficacy in a 
declarative memory task. Our results showed that sleep quality does not affect recall of 
word-list and both good and bad sleepers benefit from tDCS-effect on task performance. 
Despite these interesting findings, it is too early to confirm or deny the benefit of good 
sleep on tDCS efficacy until a detailed understanding of all potential variables that can 
affect tDCS outcomes are investigated. The most critical implication of these findings is 
that further studies are required as there are number of limitations in this study as 
discussed section 4.4.4.
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4.4.6 Future Studies 
Future studies that aim at investigating tDCS-enhanced learning in good sleepers and bad 
sleepers should consider modifications of the current protocol as this study was limited 
by a number of experimental constraints discussed above (section 4.4.4). In particular, 
future studies should consider the choice of task and include a control task for non-
memory based effects. In addition, future studies should use more objective measures of 
sleep to recruit extreme groups, perhaps with use of a sleep deprivation paradigm. Lastly, 
a larger sample size should be used. These points are further discussed below. 
For the choice of task, rather than assess tDCS-enhanced learning using a single 
declarative memory task, perhaps a number of validated and reliable psychometric tests 
that are sensitive to sleep could be used to provide additional behaviour outcome of 
chronic partial sleep deprivation. Such tests could include sleep-sensitive tasks such as 
the n-back task (Choo, Lee, Venkatraman, Sheu, & Chee, 2005; Smith, Lam, Bifulco, & 
Checkley, 2002), digital recall task (Frey, Badia, & Wright, 2004), paired-word learning 
(Forest & Godbout, 2000), and verbal working memory task (Mu et al., 2005). In 
addition, a control task could be used. For instance, it could be possible to control for any 
motor modulation during tDCS using a motor task to confirm that improved performance 
was due to enhancement of declarative memory processes, rather than quicker responses. 
This will enable us to understand the contribution of different procedural and declarative 
memory processes to task performance, and will further add to the theoretical 
understanding of specific mechanisms of tDCS and the impact of sleep quality on this.     
The above is especially relevant when considering that the size of the tDCS electrodes 
means that this paradigm may have been stimulating premotor or supplementary motor 
areas. Regarding the specificity and polarity effects of tDCS to the DLPFC, one could 
argue that the tDCS-effect may not be as a direct effect of the region of the brain 
stimulated since a relatively large electrode was used. Future studies should investigate 
the non-specific effect of stimulation by either swapping the cathode and the anode to 
observe if there will be a corresponding inhibitory effect on performance, or by 
stimulating a different (e.g. non-task related) area completely.  
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The lack of any difference in performance between the sleep quality groups, as well as 
the lack of an interaction between sleep quality and tDCS could be due to either the 
measures of sleep quality not being adequate, or the groups being too similar in sleep 
quality. To prevent this, more objective sleep assessments such as EEG, could be useful 
to better categorize subjects as either good sleepers or bad sleepers. Furthermore, either 
recruiting or categorising more extreme groups in terms of sleep quality, or enacting a 
sleep deprivation protocol could be more useful to fully characterise the extent to which 
partial or total absence of sleep affects tDCS efficacy and vice-versa.  
4.5 Conclusion  
This study has shown that 20 min tDCS to the DLPFC induced increase in word-list 
learning in both good sleepers and bad sleepers. Performance was numerically worse in 
bad sleepers compared to good sleepers, but this effect did not reach significance. Lastly, 
there was no interaction between sleep quality and stimulation. Further studies are needed 
to fully characterise these findings.
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CHAPTER 5 
Study 2 - The Effect of Circadian Alignment on tDCS-
Enhanced Learning                                       
_____________________________________________________________________________ 
Overview 
Studies have reported that circadian alignment affects cognitive performance, such that, 
there is better performance in the morning for morning-type and better performance in 
the evening for evening-type. In light of these findings, this current study aims to 
investigate the effect of circadian mis-/alignment (time of the day) on tDCS-enhanced 
learning. The theoretical perspective of this study is based on the interaction of sleep and 
tDCS on learning. Specifically, it is hypothesized that tDCS-effect will be dependent on 
circadian mis-/alignment, and the tDCS-effect will be greater in misaligned condition. 
This study will enable us to replicate the effect of diurnal preference on cognitive 
performance and build on this by assessing the interaction between tDCS and diurnal 
preference. Furthermore, it will allow us to assess the potential of tDCS to alleviate poor 
performance associated with circadian misalignment. 
5.1 Introduction 
Chronotype or diurnal preference has been shown to affect cognitive function across the 
day (Horne et al., 1980; Intons-Peterson, Rocchi, West, McLellan, & Hackney, 1999; 
May, Hasher, & Foong, 2005; May et al., 1993). This phenomenon is thought to be 
associated with fluctuations in the level of attention and arousal across the day 
(Colquhoun, 1971; May & Hasher, 1998). The influence of chronotype on performance 
across the day may have implications for studies investigating learning and memory. In 
particular, it is possible that circadian mis-/alignment may play a role in transcranial 
direct current stimulation (tDCS)-outcomes across the literature. tDCS has been used to 
enhance cognitive functions (Nelson et al., 2014), however, its effects are variable and 
the source of this variability are yet to be fully understood. The theoretical framework 
behind this assumption that circadian mis-/alignment may modulate tDCS efficacy is 
based on evidence of individual differences in optimum time of the day, the putative link 
between tDCS-enhanced learning and sleep-dependent learning, as well as the effect of 
tDCS on attention (see Chapter 1). Based on these assumptions, we believe that 
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individual differences in circadian rhythm may affect the efficacy of tDCS on learning. 
In addition, tDCS may potentially alleviate poor performance associated with circadian 
misalignment. The theoretical basis and empirical evidences supporting the modulatory 
effect of circadian mis-/alignment on tDCS-enhanced learning are discussed further 
below. 
5.1.1 Cognitive Performance and Diurnal Preferences  
It is difficult to report the vast amount of work that has been dedicated to investigate the 
relationship between diurnal preference and cognitive performance, particularly due to 
the heterogeneity of research methods and variables considered. Generally, there is 
synchrony between diurnal preference and cognitive performance, such that, morning-
types perform better in tasks carried out during the early hours of the day, and evening-
types perform better in tasks carried out in the evenings (Horne et al., 1980; Intons-
Peterson et al., 1999; May et al., 2005; May et al., 1993). Early investigations on this 
topic by Monk and Leng (1986) reported that chronotype effects on performance are 
dependent on the nature of the task and strategy required for solving the task. In their 
study, they reported differences in performance trend based on chronotype in a logic 
reasoning task compared to visual search task, hence, proposed that a task which requires 
high cognitive resources are better able to differentiate diurnal trend between morning-
type and evening-type (Monk & Leng, 1986).  
More recently, the implication of diurnal preferences has been investigated in learning, 
memory, vigilance, physiological arousal and overall quality of life (Juda, Vetter, & 
Roenneberg, 2013; Roeser et al., 2012; Roeser, Schlarb, & Kubler, 2013). Across the 
day, morning and evening chronotypes differ in a number of biological and behavioural 
measures, such as core body temperature, heart rate, systolic blood pressure and most 
notably, sleep-wake cycles (Roeser et al., 2012). Studies have reported that evening-types 
have poorer perceived health in terms of depression (Kitamura et al., 2010), stress 
(Buschkens, Graham, & Cottrell, 2010), have less physical activity (Haraszti et al., 2014), 
and unhealthier diet quality (Fabbian et al., 2016; Maukonen et al., 2016). In contrast, 
morning-types are linked to positive indicators (Buschkens et al., 2010), such as being 
less sleepy during the day, and perform better academically in attention-demanding tasks 
(Roeser et al., 2013; Vollmer, Potsch, & Randler, 2013). Moreover, meta-analytic 
 152 
 
investigations by Preckel et al. (2011) shows that evening-type have higher cognitive 
ability, but poor academic performance (Preckel, Lipnevich, Schneider, & Roberts, 
2011). Furthermore, studies in adults and adolescents have consistently reported that 
performance in a number of tasks, such as attention and memory tasks, varies in 
synchrony with individual chronotype – such that, performance in the morning is better 
for morning chronotypes and performance in the evening is better for evening 
chronotypes (Goldstein et al., 2007; Hasher et al., 1999; Intons-Peterson et al., 1999; 
West, Murphy, Armilio, Craik, & Stuss, 2002).  
There are two models which have attempted to explain the above phenomenon, namely: 
the arousal model and the synchrony effect model (Colquhoun, 1971; May & Hasher, 
1998).  In the arousal model, performance variation with diurnal trends is explained as 
reflecting the underlying arousal level (arousal here, defined as increase in body 
temperature) (Colquhoun, 1971). The synchrony effect model explains the diurnal 
synchrony with performance correlates with individual level of alertness across the day 
(May & Hasher, 1998). Alertness fluctuates across the day (Van Dongen & Dinges, 
2005), with individuals having different peak level of alertness, aligned to their diurnal 
preferences (Horne & Ostberg, 1976). Biological time of the day seems to affect 
subjective alertness which in turn affects cognitive functions such as attention, memory 
and learning (Gobbo & Falciati, 2014; Schmidt, Collette, Cajochen, & Peigneux, 2007). 
Tania et al. (2014) investigated the effect of alertness on performance in a sustained 
attention response task (SART) in morning and evening chronotypes (Lara et al., 2014). 
In the morning-type group, performance decreased in the evening; whereas in the 
morning session, performance was more accurate. In contrast, alertness in the evening-
type group decreased in the morning session, whereas in the evening session, alertness 
increased (Figure 5.1). These findings suggest that cognitive performance is determined 
by individual level of arousal and/or alertness across the day (Adan et al., 2012; Horne 
& Ostberg, 1976). Taken together, these findings imply that individual differences in 
circadian rhythm may affect learning and memory across the day, and circadian mis-
/alignment should be considered in studies that aim to modulate these processes; for 
example, tDCS studies.  
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Figure 5.1 | Mean reaction times on a Psychomotor Vigilance Task for morning and evening 
chronotypes, depending on time of day. Response was significantly faster at each chronotype’s 
optimal time of day and slower at non-optimal testing time (Lara et al., 2014). 
5.1.2 tDCS-Enhanced Learning and Circadian Alignment 
Research into the optimum time of the day for tDCS application, or the effect of 
chronotype (morningness/eveningess) on tDCS efficacy in learning and memory 
enhancement has not been addressed in the literature. This is odd, considering that the 
evidence presented above suggests that optimal and non-optimal performance testing 
time may potentially confound tDCS outcomes (Goldstein et al., 2007; Hasher et al., 
1999). As described above, arousal and alertness play a major role in the variation in 
performance trend between morning and evening chronotypes across the day. Moreover, 
sensory domains involved in alertness, attention (vigilance), and executive control have 
been implicated in the function or dysfunction of cognitive processes such as learning 
and memory (Seitz & Watanabe, 2005; Sturm et al., 2003).  Recently, studies have shown 
that tDCS can modulate alertness (Nelson et al., 2014), orientation/visuospatial attention 
(Sparing et al., 2009; Stone & Tesche, 2009), executive attention (Coffman, Trumbo, & 
Clark, 2012) and post-stroke attention deficit (Kang, Baek, Kim, & Paik, 2009). Gladwin 
et al. (2009), using a Sternberg task, showed that tDCS enhancement of working memory 
performance may be dependent on modulation of selective attention forms of working 
memory (Gladwin, den Uyl, Fregni, & Wiers, 2012). In their study, they reported that 
anodal tDCS to the left dorsolateral prefrontal cortex (DLPFC) significantly improved 
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reaction times in a Sternberg task. Taken together, these studies suggest that differential 
changes in attention across the day in morning and evening-chronotypes may be 
modulated by tDCS by targeting sensory domains involved in attention and arousal 
control, for example, the DLPFC.   
There are pharmacological treatment methods which target the sleep-wake pathways in 
order to restore poor levels of alertness and vigilance associated with circadian 
misalignment (Riemann & Nissen, 2012); for example, as a result of jet lag or night shift 
work. However, this approach have some side-effects (see Riemann & Nissen, 2012) that 
are not found in non-invasive brain stimulation techniques such as tDCS. At present, it 
is not known if tDCS can alleviate poor cognitive performance associated with diurnal 
desynchrony or circadian misalignment. Early evidence show that anodal tDCS applied 
to the pre-frontal cortex at 2 mA for 30 min can remediate the effects of accumulated 
sleep pressure better than caffeine (McIntire et al., 2014; McIntire et al., 2017). 
Therefore, this study will enable us to understand the potential of tDCS as a replacement 
for pharmacological interventions or caffeine for treatment of the effects of circadian 
misalignment.  
5.1.3 Current Study 
The current study seeks to investigate if tDCS-effect may be altered by time of the day, 
and also explore tDCS as a possible treatment for circadian misalignment. Based on the 
theoretical considerations highlighted in Chapter 1 that sleep and tDCS share similar 
mechanisms on learning and memory, and the evidence that tDCS may alleviate attention 
deficit associated with sleep loss (McIntire et al., 2014; McIntire et al, 2017), we 
hypothesise that there will be an interaction between time of the day and stimulation. In 
addition, we predict that tDCS will offer a protective measure to performance deficit 
associated with circadian misalignment.  
This study is important because of the variability in tDCS outcomes, which is believed 
to stem from variability in stimulation parameters as well as individual differences such 
as in sleep habits, since both tDCS and sleep share a common mechanism on learning. In 
addition, recent technological advances and increased demand for 24 hr services warrants 
the development of non-invasive cognitive enhancements. For these reasons, it is 
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essential to investigate the potential benefit of tDCS to alleviate poor performance 
associated with circadian misalignment or diurnal desynchrony.  
The previous study (Study 1) controlled for time by carrying out data collection between 
11:00 and 13:00 hrs, therefore, controlling for the effect of time of the day on 
performance. Furthermore, the majority of participants in Study 1 were intermediate-
chronotypes, with only a few morning/evening-types, thus the chronotype distribution 
did not provide an opportunity to assess the effect of chronotype on performance. The 
present study used a similar design to Study 1, with participants completing a 50-item 
word-list learning task, whilst undergoing sham-controlled anodal tDCS over the right 
DLPFC (as previously described in Chapter 2). However, in this study, test took place 
in the mornings and evenings, with two separate but matched lists used in the morning 
and evening sessions to minimise any practise effect (Appendix B9).  
This present study made use of the morningness and eveningness questionnaire (MEQ), 
which has been validated against peak body temperature and subjective time of peak 
alertness (Chelminski, Ferraro, Petros, & Plaud, 1997; Horne & Ostberg, 1976; Taillard, 
Philip, Chastang, & Bioulac, 2004). The MEQ measures whether an individual's peak 
alertness is in the morning or evening, or in between. Details of the MEQ are presented 
in Chapter 2 (section 2.3.3). The population used for this study were university 
undergraduate students, all relatively young (20.9 ± 3.12); consequently, evening 
chronotypes were by far the most common, with very small number of morning 
chronotypes. As such, it was decided to perform the study on exclusively evening 
chronotype participants.  
Based on the theoretical evidence that sleep and tDCS share similar mechanisms on 
learning and memory, and the effect of tDCS on attention and alertness, which are 
affected by circadian misalignment, the overall research aims and objectives of this study 
are highlighted below.
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5.1.4 Research Aims and Hypotheses 
The aim of this current study was to investigate how the interaction between circadian 
alignment and tDCS affects learning in a memory task. Firstly, this study seeks to 
replicate the main effect of tDCS and circadian alignment seen in previous studies, with 
the following hypotheses: 
1. Stimulation:  
tDCS will enhanced word-list learning compared to sham stimulation (replication 
of Study 1). 
2. Circadian Alignment:   
Participants will perform better at optimal time of the day (synchronized) compared 
to those tested at non-optimal time (desynchronized). 
 
Secondly, the interaction between stimulation and circadian alignment will be 
examined, with the following hypotheses: 
3. Interaction between tDCS and circadian alignment: 
a. tDCS-effect will be dependent on circadian alignment 
b. A greater effect will be observed during circadian misalignment 
c. tDCS will alleviate performance deficit associated with circadian misalignment.
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5.2 Method 
5.2.1 Participants 
Fifteen volunteers (3 males, 12 females) mean age 20.9 ± 3.12 participated in this study. 
This sample size is consistent with studies that have investigated the effect of tDCS on 
learning and memory (Fregni et al., 2015; Floel et al., 2008) as well as sleep (Marshall 
et al., 2014). Specific recruitment criteria were applied in order to ensure the eligibility 
and suitability of participants selected for this study (Chapter 2, section 2.2.1). None of 
the participants had history of psychiatric or neurological disorders, or were taking any 
medications that could interfere with the central nervous system processes. Written 
informed consent was obtained from each participant and each participant was asked to 
read the participant information sheet prior to the study. Participants had the right to 
withdraw from the study at any time, without stating reasons for withdrawal. Results and 
data obtained from the study were stored in strictest confidence in compliance with the 
Data Protection Act (1998). 
Prior to the study, participants completed the Morningness and Eveningness 
Questionnaire (MEQ; Horne & Ostberg, 1976), Hospital Anxiety and Depression Scale 
(HADS; Zigmond & Snaith, 1983), Edinburgh Handedness Inventory (EHI; Oldfield, 
1971) and general demographics questionnaire. For details of these questionnaires, 
please refer to the methodology chapter (Chapter 2). Scores obtained from the MEQ 
were transformed into common scores, which were then used to categorise individuals 
into different chronotypes. Scores between 16 and 41 were grouped as evening type, 42-
58 as intermediates, and 59 - 100 were grouped as morning types. Morning-types and 
intermediate were excluded from the study. All participants were evening-types as this 
chronotype is the most common in the study population (university undergraduate and 
postgraduate students), and were more accessible during recruitment.  
5.2.2 Experimental Design  
The study was a randomised crossover design, whereby all participants performed the 
word-list learning task four times, twice in the morning (with tDCS or sham) and twice 
in the evening (with tDCS or sham). The morning sessions took place between 07:00 and 
09:00 hrs (desynchronised) and the evening sessions took place between 18:00 and 20:00 
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1 week 1 week 1 week 
hrs (synchronised). The four combinations of conditions/stimulation were Sync-tDCS, 
Sync-Sham, Desync-tDCS and Desync-Sham (see Figure 5.2). Two separate word-lists 
were counterbalanced between the morning and the evening sessions to eliminate any 
practise effect.  
 
Figure 5.2 | Schematic diagram of the experimental design showing the four conditions; Sync-
tDCS; Desync-tDCS; Sync-Sham; Desync-Sham. White boxes indicate desynchronised 
conditions and dark shaded boxes indicate synchronised conditions. ⇌ Indicates counterbalanced 
order across study sessions. 
5.2.3 Experimental Procedures 
Procedure 
Prior to the start of the first experiment, participants completed the Karolinska Sleepiness 
Scale (KSS; Akerstedt & Gillberg, 1990) to access current state of sleepiness. The KSS 
was also completed at the end of the experiment (KSS-Post). Test instructions were given 
to participants verbally and on the computer display screen. 1 mA anodal direct current 
(DC) was delivered to the right DLPFC for 20 min, while the cathode was placed over 
the left contralateral supraorbital region as described in the methodological chapter (Floel 
et al., 2004; Tulving et al., 1994). Current was gradually ramped up over 10 s at the onset 
of the stimulation and gradually ramped down upon completion of stimulation. While the 
stimulation proceeded, participants took the word-list learning task as described in the 
methodological chapter (Chapter 2). Upon completion of the experiment, participants 
were debriefed and asked if they felt any discomfort from the stimulation or knew if they 
received either tDCS or sham stimulation.
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5.2.4 Data and Statistical Analysis 
The number of correct words written from the word-list learning task was converted into 
percentage scores (% recall) and this was used as an index of performance. In order to 
more directly investigate the difference in tDCS-effect at different circadian alignments, 
the magnitude of tDCS-effect (Δ performance) was calculated by subtracting % recall 
with tDCS from % recall with sham. All data were checked for normality, with only age 
having a non-normal distribution. Main effect of stimulation, circadian alignment, and 
interaction between stimulation and circadian alignment was analysed using mixed 
factorial analysis of variance (2 × 2 ANOVA); sync/desync × tDCS/sham. Wilk’s 
Lambda statistic was reported for all ANOVA analyses. Δ performance in synchronised 
and desynchronised condition was analysed using a paired t-test. A paired sample t-test 
was conducted to investigate if there was practice effect in first combination of sections, 
and second combination of section since two separate list of words pairs were used in the 
PAL-task. Cohen’s d effect size was calculated to determine the magnitude of the 
difference between groups, and the p-value threshold was set at .05. Statistical analyses 
were conducted using IBM SPSS (version 22, IBM Corp. Armonk, New York USA) and 
graphs were plotted using and Microsoft Excel 2010 (Microsoft, St. Redmond, 
Washington USA).
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5.3 Results 
5.3.1 Demographics 
Data from all 15 participants (mean age 20.0 ± 3.12, 3 male and 12 female, all right 
handed [.92 ± .17], anxiety: 7.13 ± 3.25, depression: 3.13 ± 2.45) were recruited and 
analysed in this study, and all were evening chronotypes (MEQ: 36.3 ± 5.73). Overall, 
there was no difference in subjective sleepiness before (KSS-Pre: M = 4.27 ± 1.52) and 
after task (KSS-Post: M = 3.57 ± 1.52); p = .34. There was no report of adverse side-
effect of tDCS except mild itching sensation frequently observed in tDCS experiments 
(Brunoni et al., 2011; Poreisz et al., 2007), which lasted few seconds at the beginning of 
the stimulation. Full demographics of all participants are presented in Appendix C2. 
5.3.2 Cognitive Performance 
There was a significant main effect of stimulation, with better performance in the word-
list learning task with tDCS (M = 72.8 ± 15.1) compared to sham stimulation (M = 54.0 
± 16.5); F(1,14) = 7.90, p = .014,  ηp2 = .36 (Figure 5.3A & B). There was a significant 
main effect of circadian alignment on performance, with greater performance in 
synchronised group (M = 66.4 ± 15.3) compared to desynchronised group (M = 48.4 ± 
15.1); F(1,14) = 69.6, p < .001,  ηp2 = .83  (Figure 5.3 A & C). Although, there was only 
a trend in interaction between stimulation and time of the day (F(1, 14) = 4.44, p = .054, 
ηp2 = .24), numerical values show similar performance levels under Sync-tDCS (M = 
73.2 ± 15.2) and Desync-tDCS (M = 72.3 ± 15.0) conditions, compared to Sync-Sham 
(M = 59.6 ± 15.0) conditions. Interaction was only significant when one-sided hypothesis 
testing was used (p = .027). Further analysis revealed greater improvement in 
performance in the desynchronised condition (M = 23.9 ± 13.4) compared to the 
synchronised condition (M = 13.6 ± 12.3); t(15) = 2.07, p = .057, d = .55 (Figure 5.3 D). 
Lastly, There was no evidence of practise effect between first combination of sessions 
(session 1: M = 67.5 ± 20.5 vs session 2: M = 59.0 ± 15.6; t(14) = 1.37; p = .19, d = .46) 
and second combination of session (session 3: M = 61.6 ± 22.7 vs session 4: M = 65.3 ± 
11.9; t(14) = -.67, p = .52, d = .21). 
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Figure 5.3 | a) Percent recall in the word-list learning task under diurnal synchronised and 
desynchronised conditions with tDCS or sham stimulation. Black bars represent evening 
sessions, while grey bars represent morning sessions; b) Percent recall in the word-list 
learning task with tDCS and sham stimulation; c) Percent recall in the word-list learning 
task under circadian aligned (synchronised) and misaligned (desynchronized) conditions; 
d) Change in performance (% recall tDCS – % recall sham = Δ performance) in the word-
list learning task under diurnal synchronised and desynchronised conditions. * p = .01, 
***p < .001; errors bars indicate standard error of the mean.
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5.4 Discussion 
5.4.1 Overall Findings  
The primary aim of this study was to investigate if there will be a main effect of 
stimulation (tDCS vs sham stimulation) in relation to circadian alignment (diurnal 
synchrony vs desynchrony). The secondary aim of this study was to investigate if tDCS can 
improve poor performance associated with circadian misalignment or diurnal 
desynchrony. In line with these hypotheses and previous studies, a main effect of 
stimulation demonstrated that performance was better with tDCS compared to sham 
stimulation. A main effect of circadian alignment further showed that diurnal synchrony 
was better for task performance compared to diurnal desynchrony. There was also 
evidence, although only at a trend level, of an interaction between tDCS and circadian 
alignment, such that tDCS-effect was numerically greater (p = .054) at non-optimal time 
of the day (desynchronous) compared to a more optimal time (synchronous). Interaction 
was only significant when one-sided hypothesis testing was used (p = .027). This 
suggests that tDCS may alleviate poor performance during circadian misalignment, with 
similar performance during tDCS (Sync-tDCS: M = 73.2 ± 15.2; Desync-tDCS: M = 72.3 
± 15.0), but lower performance during sham stimulation (Sync-Sham: 59.6 ± 15.3; 
Desync-Sham: M = 48.4 ± 15.2).  
5.4.2 Effect of Diurnal Preference on Learning and Memory 
There was a significant main effect of time of the day on performance in the word-list 
learning task, with greater performance in synchronised group compared to 
desynchronised group. The concordance in timing of cognitive task administration and 
chronotype observed in this study has previously been reported in multiple studies 
(Goldstein et al., 2007; Hasher et al., 1999; Intons-Peterson et al., 1999; May & Hasher, 
1998; May et al., 2005; West et al., 2002). In particular, this study partly replicates a 
previous study by May et al. (2005), which assessed declarative and procedural memory 
in young evening-type and older morning-types adults tested at optimum (evening) and 
non-optimum (morning) times of the day. Their result showed that participants tested in 
a declarative task at optimum time of the day performed better compared to those tested 
at non-optimum time of the day (May et al., 2005). In contrast, procedural memory 
performance was better at non-optimum time of the day. Although, morning-types were 
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not tested in this present study, results obtained from evening-types further corroborate 
the idea that chronotype should be considered as a relevant factor in learning and memory 
studies, for examples, tDCS learning and memory studies.  
There are a number of explanations for the above observed effect. Firstly, improved 
performance during optimal testing time may be explained as a reflection of participants’ 
level of arousal, as explained by the arousal model previously described in the 
introductory section (5.1.1). In this case, levels of arousal may influence physiological 
and psychological state of sense organs, especially during the encoding and retrieval 
phase of the word-list learning task (Colquhoun, 1971). Secondly, performance 
variations may also be explained as a result of changes in levels of alertness across the 
day (May & Hasher, 1998; Van Dongen & Dinges, 2005), such that, participants may 
have had low sensory awareness during the word-list learning task in diurnal 
desynchronised conditions, and high sensory awareness during diurnal synchronised 
conditions. Fluctuations in body temperature and cortisol levels which has a pulsatile 
secretion on a 24-hr rhythm seems to play a critical role in both propositions (Hodkinson 
et al., 2014). Cortisol level peaks shortly before wake in the morning, a phenomenon 
known as cortisol awakening response (CAR) (Hodkinson et al., 2014). CAR is a 50% 
rise in cortisol levels to prepare the hypothalamic pituitary adrenal (HPA) axis for 
anticipated stress. Compelling evidence exist that suggest that diurnal preference 
correlates with levels of cortisol, with one study in particular reporting a higher morning 
cortisol level in saliva samples in morning chronotypes compared to evening chronotypes 
(Kudielka, Federenko, Hellhammer, & Wust, 2006). A correlation has been found 
between cortisol levels, which vary with BDNF and cerebral blood flow (Begliuomini et 
al., 2008; Conroy, Spielman, & Scott, 2005), and trends in cognitive performance across 
the day (Gobbo & Falciati, 2014). Besides, high blood glucose levels may lead to stronger 
activation of the HPA-axis, thus increasing cortisol response and subsequently affect 
alertness, vigilance, and ability to cope with highly demanding cognitive tasks (Gobbo 
& Falciati, 2014). Although arousal and cortisol levels were not assessed in this study, 
these physiological processes are possible explanations for the circadian synchrony effect 
observed in this study.   
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A closer inspection of the data showed that performance desynchrony with chronotype 
did not have an effect on performance in some subjects (n = 3). In stark contrast to the 
rest of the group, one participant was better off at non-optimal time of the day, while two 
participants showed no change in performance between both testing times. A possible 
explanation for this is that there are individual differences in tolerability to accumulated 
sleep pressure (Klerman & Dijk, 2005), or ability to adjust alertness to meet the demand 
of a task. For example, an individual’s base level of alertness or sleepiness during non-
optimum time of the day may differ from another individual. This is evident in this study 
as there was a wider performance range in desynchronised condition (68%) compared to 
synchronised conditions (58%). Furthermore, participants that did not have a synchrony 
effect were “mild” evening types (MEQ-score: 38-41) and the subjective scale used may 
not be a true reflection of participants chronotype. The genetic makeup of an individual 
may influence the vulnerability to decrease in performance as a result of diurnal 
desynchrony. Polymorphisms in circadian clock gene known as PERIOD (PER) genes, 
particularly PER 3 has been shown to determine diurnal preferences and sleep 
homeostasis (Viola et al., 2007). Viola et al., (2007) reported a significant decrease in 
performance in response to sleep loss in individuals with PER 3 polymorphism, thus 
suggesting that a genetic component may play a role in individual’s sensitivity to sleep 
loss.  
In summary, the main effect of time of the day observed in this study support the 
theoretical proposition that circadian rhythms may potentially modulate learning and 
memory assessment, and therefore is a relevant factor in learning and memory studies 
using brain stimulation. The subsequent section will discuss evidence from this study to 
which supports this proposition.  
5.4.3 tDCS and Circadian Alignment 
There was a significant main effect of stimulation on performance in the word-list 
learning task, with greater performance with tDCS compared to sham stimulation. This 
replicates the findings from Study 1 (Chapter 4), further supporting the idea that tDCS 
may promote memory encoding and retrieval (Chhatbar & Feng, 2015; Choe et al., 2016; 
Dockery et al., 2009; Floel et al., 2008; Fregni, Boggio, Nitsche, et al., 2005; Iyer et al., 
2005; McKendrick et al., 2014; Nitsche, Fricke, et al., 2003). The novel finding from this 
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study is the interaction between tDCS and circadian alignment, and greater effect of tDCS 
seen with circadian desynchrony compared to circadian synchrony. It should be noted 
that both of these effects are just trends (p = .054 & .057 respectively), and only 
significant when one-sided testing is used (p = .027 & .029 respectively). It should be 
noted that the medium sample size may not have been sufficient enough for an observable 
effect. There was a difference between performance in the sham conditions (Sync-Sham: 
M = 59.6 ± 15.3; Desync-Sham: M = 48.4 ± 15.2); however, this disappeared in the tDCS 
condition, with similar performance across time points (Sync-tDCS: M = 73.2 ± 15.2; 
Desync-tDCS: M = 72.3 ± 15.0). Taken together, these results suggest that tDCS-effect 
is more pronounced in non-optimum time of the day and may be able to, in some way, 
compensate for circadian misalignment, such as those seen in “shift-work”. As observed 
in this study, performance decrement caused by circadian misalignment may be 
normalized by tDCS in shift work schedule.  
There are a number of possible explanations for the observed tDCS facilitatory effect on 
circadian misalignment. For instance, the circadian aligned participants may be already 
operating at a high level, such that tDCS enhancement has a ceiling effect, whereas those 
in the impaired desynchronous group can have more of a tDCS “boost”. Another possible 
explanation may be that tDCS is enhancing attention control, as it has been shown in 
previous studies stimulating the DLPFC (Coffmann et al., 2012; Nelson et al., 2014). 
This explanation seems reasonable, as available empirical evidence show that disrupted 
sleep affects attention and ability to concentrate during the day (Alapin et al., 2000; 
Banks et al., 2010; Gumenyuk et al., 2011; Ma et al., 2015). Subjects in this study were 
evening-types and during the desynchronised condition, they were tested in the morning 
between 07:00 and 09:00 hrs, at a time when they should be asleep or at least not have 
fully recovered from sleep. This may have affected their arousal and attention control, 
resulting in poor performance with sham stimulation, and this poor performance may 
have been alleviated with tDCS to the DLPFC.  
A further explanation for the findings in this study is that biological clock plays a role in 
synaptic plasticity, known as the so called “circadian-dependent neural plasticity” 
(Frenkel & Ceriani, 2011). It has been suggested that electrical properties of neurones 
and the release of neuromodulatory molecules have distinct characteristics across the day 
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(Frenkel & Ceriani, 2011; Gobbo & Falciati, 2014; Lang et al., 2011). Therefore, there 
is a possibility that tDCS may further modulate the ongoing circadian-dependent neural 
plasticity, especially in circadian misaligned individuals. For example, Lang et al. (2011) 
reported using TMS that excitability of neurones in the cerebral cortex show gradual 
decrease during the course of a day. These findings further corroborate our hypothesis 
that time of the day may affect tDCS efficacy and tDCS may potentially modulate the 
circadian-dependent neural plasticity mechanisms which affects learning across the day.  
Despite the evidences available that optimal time of the day affects performance in 
cognitive task, time of the day is rarely considered when accessing effectiveness of non-
invasive brain stimulation techniques such as tDCS. At best, some tDCS studies attempt 
to minimize the potential confound of time of the day by keeping the time of testing 
constant across participants. However, this strategy does not take into account individual 
chronotype, which is a vital factor that may influence their performance. Therefore, this 
may in part explain the inconsistences in tDCS outcomes in various studies as individual 
variations in performance and tDCS efficacy may occur as a function of time of the day. 
The interaction of tDCS-effects and sleep in relation to learning and performance still 
needs further investigation because of the limitations which will be discussed further in 
section 5.4.5.  
In summary, this study for the first time provide early evidence that chronotype is a likely 
source of individual differences in tDCS efficacy and recommend that tDCS protocols 
should control for time of day and diurnal preference. In addition, findings from the study 
suggests that tDCS may be an alternative treatment for circadian misalignment, though 
much more research is need to fully validate these findings.  
5.4.4 Further Theoretical Consideration 
There are a number of points to be considered when interpreting results from this study. 
Firstly, there are several factors that may influence learning and memory apart from 
sleep. The results obtained from this study indicate that diurnal preference may 
potentially bias cognitive performance in tDCS studies. However, this result should be 
interpreted with caution as time of the day alone may not justify the efficiency of 
cognitive performance. Rather, studies have shown that a number of biological and 
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psychological factors such as age, stress, physical activity and nutrition may affect 
cognitive performance (Barenberg, Berse, & Dutke, 2011; Burkhalter & Hillman, 2011; 
Voss, Nagamatsu, Liu-Ambrose, & Kramer, 2011; Burkhalter & Hillman, 2011; Gomez-
Pinilla, 2008; Tononi & Cirelli., 2014; Barenberg et al., 2001; Gomez-Pinilla., 2008).  
Nutrition in particular may be a potent source of individual differences in performance 
observed in this study due to its intrinsic link to brain function via glucose supply of 
energy to the brain (Adolphus, Lawton, & Dye, 2013; Mergenthaler, Lindauer, Dienel, 
& Meisel, 2013). This point is of importance with evidence from previous studies (Dye, 
Lluch, & Blundell, 2000; Hoyland, Dye, & Lawton, 2009), and evidence of post-
stimulation glucose consumption of the brain with anodal tDCS compared to sham 
stimulation (Binkofski et al., 2011; Silva et al., 2015). However, nutrition is unlikely to 
have a strong influence on this study because a within subject design was used, therefore, 
participants’ nutrition status may be constant across the study sessions. 
Another important consideration on the results obtained from this study is that 
observations were only made in evening-types, thus does not provide a full picture of if 
the beneficial effect of tDCS on poor cognitive performance associated with diurnal 
desynchrony in evening-types can be replicated in morning-types. In addition, from this 
study, it is unclear if the interaction between stimulation and time of the day can be 
observed in morning-types. These theoretical considerations are particularly important 
because of a number of discrepancies in observed behavioural effect in morning-types 
and evening-types (Horne & Ostberg, 1976). For example, in a short-term attention test 
conducted in one thousand nine hundred and seventy-seven young students, morning-
types demonstrated accurate attention in the morning while evening types faster attention 
with quicker responses (Diaz-Morales, Jankowski, Vollmer, & Randler, 2013; Roeser et 
al., 2012). Since sleep debts and levels of alertness are fundamental physiological 
processes that influence cognitive performance across the day, then the effect of tDCS 
may differ in morning-types and evening-types across the day. 
Changes in sleep-wake schedule and concomitant shift in optimal performance levels to 
the morning is often associated with ageing (Bliwise et al., 2005; Dijk & Duffy, 1999; 
Dijk et al., 2000; Kramer et al., 1999; Mokhlesi, Pannain, Ghods, & Knutson, 2012; 
Neubauer, 1999; Ohayon, Carskadon, Guilleminault, & Vitiello, 2004). In contrast, 
 169 
 
young adults often have optimal performance levels in the afternoon or evening. In this 
present study, the diurnal desynchrony was scheduled within a fixed time frame (07:00 
– 09:00 hrs), neglecting differences in each individual's sleep-wake schedule, and thus 
introducing confounds of accumulated sleep pressure. Although this theoretical 
consideration may have influenced the observed synchrony effect, we assume this was 
not significant because participants were within the same age range and were recruited 
from the same institution, thus may have similar sleep-wake schedule. However, this 
theoretical consideration is worth noting for studies with subjects using broad age range 
of participants with different occupations.  
5.4.5 Methodological Limitations 
It is important to acknowledge important limitations of the present study in order to 
inform future studies and to clarify interpretations of the findings. First, the present study 
is restricted to young healthy subjects. Therefore, it is unclear what effect diurnal 
preference will have in a more elderly (discussed in section 5.4.6) or clinical population. 
This is a very relevant point as one characteristic of aging is the dysregulation of circadian 
clock (Yu & Weaver, 2011). In addition, presence of neurological and/or psychiatric 
disorders such as Parkinson’s disease (Kumar et al., 2002), traumatic brain injury 
(Baumann et al., 2007) and stroke often presents with abnormal sleep pattern and 
architecture (Hermann & Bassetti, 2003; Pasic, Smajlovic, Dostovic, Kojic, & 
Selmanovic, 2011; Terzoudi et al., 2009). Second, participants in this study were 
predominantly females. Although females perform better in semantic and verbal memory 
tasks compared to males (Maitland, Herlitz, Nyberg, Backman, & Nilsson, 2004), 
attention demanding task performance is affected by different phases of the menstrual 
cycles (Upadhayay & Guragain, 2014). Therefore, both points stated confront us with the 
issue of generalizability of findings. Third, subjective assessment of chronotype is prone 
to bias due to wrong interpretation of questions, and it is difficult to determine how 
truthful responses are or how much thought was put into the responses.  
A major limitation to this study was that participant’s nutrition status, particularly 
breakfast, before the study sessions were not assessed and that may pose a critical 
confound to interpreting results obtained as discussed in section 5.4.4. It is common 
knowledge that blood glucose levels lead to stronger activation of the hypothalamic–
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pituitary–adrenal (HPA) axis, thus increasing cortisol levels and subsequently increase 
alertness and vigilance (Gobbo & Falciati, 2014). This results in an increase in the ability 
to cope with highly demanding cognitive tasks such as the word-list learning task (Gobbo 
& Falciati, 2014). However, the influence of blood glucose on performance was not 
assessed in this present study as prior meal before study sessions were not accounted for. 
In the context of within subject design used in this study, habitual breakfast behaviour is 
likely to have been maintained within participants, therefore may not influence the 
findings.  
Individual differences in sleep-wake schedule was not accounted for in this study, thus 
may have introduced confounds of accumulated sleep pressure (further discussed in 
section 5.4.4). Future studies should account for this by either obtaining actimetry data 
or using a sleep diary to obtain information about individual’s sleep-schedule. By 
adapting specific sleep-wake time for study sessions. By doing this, confound of 
accumulated sleep pressure can be avoided. Lastly, only accessing the effect of time of 
the day on tDCS-enhanced learning in evening-types does not provide a complete 
account for this effect in morning-types, thus it is an important limitation to this study.  
5.4.6. Implication of findings 
Results obtained from this study presents early evidence that support the argument that 
when applying cognitive enhancers such as tDCS, it is paramount to account for the effect 
of extreme chronotypes in the study population. Specifically, these findings argue in 
favour of the assumption that cognitive enhancement studies scheduled according to the 
external clock time may be confounded by participant’s diurnal preference. This is 
because individual preferred optimum time of the day may have potential implications 
for tDCS outcomes in research and clinical practise. It is likely that individual 
variability’s in tDCS-efficacy may stem from difference in chronotypes and 
inappropriate timing of assessment in studies or treatment delivery.  
In order to overcome this methodological challenge, it is recommended that either 
subjective or objective characterisation of individual chronotype should be carried out 
before tDCS application. Subjective assessments such as MEQ or the recently developed 
Munich Chronotype Questionnaire (MCTQ; Allebrandt & Roenneberg, 2008) provide a 
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cost effective and easy means to collect diurnal preference data. In clinical use of tDCS, 
salivary cortisol is a very reliable marker for characterisation of individual chronotype 
(Hodkinson et al., 2014). For more precise characterisation, diurnal preference can be 
assessed based on the genetic make-up of individuals. Single Nucleotide Polymorphism 
(SNP) in PER3 gene has been confirmed by multiple studies to be associated with diurnal 
preferences (Archer et al., 2003; Ebisawa et al., 2001; Parsons et al., 2014). As a result 
of this polymorphism, morning-type have early bed times and wake up early, while owls 
are the complete opposite. The presence or absence of this polymorphism has been shown 
to affect their cognitive abilities and personalities (Cavallera, Boari, Giudici, & Ortolano, 
2011), mostly owing to their discrepancies in coping with stress (Roeser et al., 2012). 
Another implication of the findings from this study is the potential benefit of tDCS to 
alleviate poor performance associated with circadian misalignment or diurnal 
desychrony. Sleep-wake behaviour is regulated by the aminergic, cholinergic and 
GABAergic neurones. Induction and maintenance of wakefulness is regulated by 
aminergic and cholinergic neurones which activates the thalamus and the cebral cortex 
(Saper et al., 2005), while sleep onset and maintenance is regulated by GABAergic 
neurones in the ventro-lateral preoptic areas (VLPO) (Riemann & Nissen, 2012). These 
pathways have been the target of current pharmacological treatment methods (Saper et 
al., 2005). However, these approaches are not without their own fair share of side effects 
(see Riemann & Nissen (2012) for a comprehensive review of sleep drugs and their 
effects). A study by Christoph Nissen’s research group (Frase et al., 2016) investigated 
the effect of tDCS on total sleep time across five nights with polysomnographic sleep 
monitoring. Their results show that bifrontal anodal tDCS before sleep decreases total 
sleep time observed by increased cortical arousal, compared to cathodal tDCS and sham 
stimulation. This study further supports the interpretation of the results obtained in this 
study that anodal tDCS can curtail low levels of alertness associated with circadian 
misalignment, therefore, enhancing cognitive performance. Taken together, there might 
be an opportunity for non-invasive brain stimulation to supplement current 
pharmacological interventions that aim to boost alertness. Further studies are required to 
increase the knowledge in this field.  
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5.4.7 Future Studies 
Inter-individual differences in certain aspects of sleep and wake are regulated by CLOCK 
and period (per) genes (per 1, per 2 and per 3). These “candidate genes” are said to be 
responsible for observed differences in preferred time of the day for completion of 
specific cognitive tasks and in part, determine individual’s sleep structure, timing and 
duration wakefulness (Archer et al., 2003; Bae et al., 2001; Parsons et al., 2014; Tucker 
et al., 2007; Viola et al., 2007). Notably, polymorphisms in per 3 gene are suggested to 
influence morningness or eveningness inclination (Bae et al., 2001). Future studies are 
warranted to investigate the effect of sleep genes on tDCS efficacy.  
 
Future studies should consider testing the above findings using different tasks that have 
different peak time of performance. For example, peak performance in logical reasoning 
and motor performance have been shown to occur around noon (Monk & Leng, 1982), 
while serial reaction time task and semantic retrieval tasks have an afternoon-evening 
time of peak performance (Elsass, Christensen, Ranek, Theilgaard, & Tygstrup, 1981; 
Tilly & Warren, 1983; Tilley, Horne, & Allison, 1985). Studies have previously observed 
performance differences in different tasks relation to time of the day (Monk, 1990; Monk 
& Leng, 1982). This suggests that time of the day may influence certain information 
processing or strategy. Early studies have shown that speed-accuracy trade-off occurs 
more frequently later in the day (Monk & Leng, 1982), and there is a reduction in 
perceptual vigilance later in the day (Craig, Davies, & Matthews, 1987). In terms of 
strategy, studies have shown that there is a tendency to practice word-list through sub-
vocal articulation in the morning, while later in the afternoon, there is a switch to sematic 
elaboration (Folkard, 1979). Another reason findings from this study should be replicated 
in different cognitive tasks is because tDCS-effect has been shown to be task dependent 
(Li et al., 2015; Sandrini et al., 2012), especially in tasks that involve different processing 
strategies or have different levels of difficulties (Sandrini et al., 2012). Sandrini et al. 
(2012) demonstrated this using bilateral stimulation to the posterior parietal cortex (PPC) 
in a 1-back task, and showed that tDCS diminished performance, while in the 2-back 
task, an increase in performance was obtained. This suggests that the tDCS-effect 
observed in this study may have different outcome with different tasks.  
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It is also important to access the findings from this study in motor learning task. May et 
al. (2005) suggest that processes that serve cognitive and motor retrieval are on different 
circadian schedules, thus highlights the need to access the effect of time of the day on 
tDCS-enhanced motor learning (May et al., 2005). Lastly, future studies should account 
for the limitations highlighted in section 5.4.5. 
5.5 Conclusion 
Overall, this study has shed more light on the effect of diurnal preference on tDCS-
enhanced learning, highlighting the effect of time of the day on tDCS efficacy. Data 
obtained from this study suggest that cognitive performance varies with chronotype and 
provides early evidence that this may affect tDCS efficacy. Notably, for the first time, 
our results show that tDCS can potentially alleviate poor performance associated with 
diurnal desynchrony and tDCS-effect may be dependent on time of the day. In light of 
these findings, person-centred or patient-tailored approach in terms of their 
chronobiology is recommended for optimum tDCS efficacy. A careful analysis of diurnal 
preference and time of the day of tDCS application should be considered for better and 
more consistent tDCS-outcomes.
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CHAPTER 6 
Study 3 - The Modulatory Effect of Sleep on tDCS-
Enhanced Delayed Recall.        
Overview  
It is common knowledge that if the interval between learning and recall is filled with 
good quality sleep, it is beneficial for memory performance. tDCS has also been shown 
to improve learning and memory in a number of studies, and there is compelling 
theoretical evidence that show that tDCS and sleep alter learning and memory through 
similar mechanisms. Therefore, there is a possibility that tDCS may be able to alleviate 
performance deficit associated with prolonged wakefulness. However, this has not been 
fully explored in the literature. It is this potential benefit of tDCS on performance deficit 
associated with prolonged wakefulness that is investigated in this chapter. Results from 
this study will enable us to underpin the potential benefit of tDCS to compensate for 
decline in performance as a result of lack of sleep and also identify the modulatory effect 
of sleep and wake on tDCS efficacy.   
6.1 Introduction 
In today’s world, prolonged wakefulness in the form of acute or chronic sleep deprivation 
has become a common phenomenon, with more people trading sleep for work (Ohayon 
et al., 2010; Thorpy, 2009). Occupations such as healthcare workers, law enforcement 
officers and transport workers are required to work long shifts in order to meet the 
demands of the 24-hr world we live in. The Centre for Disease Control and Prevention 
(CDC) reported that 37.0% of adults ages 20-39 sleep less than the recommended 7-9 
hours per day (CDC, 2014). Moreover, there is now a wealth of research that have shown 
that compromised sleep affects a number of cognitive functions such as working memory 
and long-term memory (see Table 6.1), and this effect is thought to be associated with 
increase in fatigue and aberrant sleep-dependent neuroplasticity processes (Krueger, 
1989; McIntire et al., 2014). In contrast, if the interval between learning and recall is 
filled with good quality sleep, it has been shown to improve performance in comparison 
to a period filled with wakefulness (Cohen et al., 2005; Fischer et al., 2002; Korman et 
al., 2007; Walker et al., 2003). Since it is not often possible to obtain enough sleep 
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between learning and recall, especially for those with high work demands, or even in 
student populations, most individuals turn to stimulants such as caffeine whose effects 
are often short-lived (Lieberman, Tharion, Shukitt-Hale, Speckman, & Tulley, 2002). 
Non-invasive brain stimulation techniques such as tDCS seems to be a promising 
alternative to enhance cognitive performance (McIntire et al., 2014; McIntire et al., 
2017). Study 1 has investigated the effect of sleep quality on tDCS enhanced learning, 
while study investigated the effect of circadian mis-/alignment. However, the direct 
effect of sleep and wake on tDCS-enhanced learning has not been explored in the 
literature. In particular, the potential benefit of tDCS to compensate for reduced 
performance as a result of prolonged wakefulness has not been fully explored in the 
literature. It is this direct interaction between sleep and tDCS enhancement of learning 
that is investigated in this chapter.  
Table 6.1 | Studies that have investigated the effect of sleep deprivation on working memory 
and long-term memory. 
Cognitive Tests Authors 
Working memory 
Digital recall ↓ (Frey et al., 2004) 
Working memory task ↓ (Wimmer et al., 1992) 
Digital span ↔ (Linde & Bergstrom, 1992) 
Visuospatial working memory 
test 
↔ (Nilsson et al., 2005) 
Verbal working memory ↓ (Chee & Choo, 2004; Chee et al., 
2006) 
Spatial working memory task ↔ (Heuer et al., 2005) 
Attention power ↔ (Linde & Bergstrom, 1992) 
N-back ↓ (Choo et al., 2005; Smith et al., 
2002) 
Delayed-match-to-sample task ↓ (Habeck et al., 2004) 
Choice-reaction time task  ↓ (Jennings, Monk, & van der 
Molen, 2003) 
Brown-Peterson ↓ (Forest & Godbout, 2000) 
Sternberg verbal working 
memory task 
↓ (Mu et al., 2005) 
Long-term memory 
Word memory test ↓ (Drummond et al., 2000) 
Temporary memory for faces ↓ (Harrison & Horne, 2000) 
Probed forced memory recall 
and digital recall 
↓ (Wright & Badia, 1999) 
Memory search ↓ (McCarthy & Waters, 1997) 
Paired-word learning ↓ (Forest & Godbout, 2000) 
Episodic memory ↔ (Nilsson et al., 2005) 
↓ Decreased performance with sleep deprivation; ↔ Performance unchanged or no significant decrease in 
performance with sleep deprivation. Adapted from Alhola and Polo-Kantola (2007).
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6.1.1 Sleep Deprivation and Memory 
One of the most intriguing functions of the brain is its ability to store information and 
then retrieve it after a short or long period of time (Censor et al., 2012). Declarative 
memory has been explored extensively with sleep and tDCS in previous studies and in 
this thesis (Chapters 4 & 5) due its close link to sleep-dependent learning (Diekelmann, 
Biggel, Rasch, & Born, 2012; Marshall et al., 2004; Ruch et al., 2012). In this chapter, 
we investigate memory consolidation after prior sleep or wake and its interaction with 
tDCS, in order to investigate the potential benefit of tDCS to long-term memory (delayed 
recall).  
Studies have shown that sleep is beneficial to procedural memory (Fischer et al., 2002; 
Walker et al., 2003), declarative memory (Mednick, Makovski, Cai, & Jiang, 2009; 
Payne et al., 2012), as well as creativity (Ritter et al., 2012). One study in particular by 
Payne and colleagues (2012) examined the effect of sleep or wake on memory of 
semantically related and unrelated word-pairs. In their study, participants encoded a set 
of related or unrelated word-pairs in the morning (09:00 hrs) or in the evening (21:00 
hrs), and did a recall test after an interval of 30 min, 12 hrs, or 24 hrs. At 12 hrs retest, 
memory performance was greater following a night of sleep compared to wake, and at 
24 hrs retest, memory performance was greater when sleep occurred shortly after learning 
rather than following a full day of wakefulness. Their result suggest that sleep stabilizes 
declarative memories and diminishing the negative impact of prolonged wakefulness 
after 12 hrs and 24 hrs (Payne et al., 2012). Further evidence to support the importance 
of sleep to learning and memory is a study by Mednick et al. (2009) which showed that 
day-time nap facilitates consolidation of declarative memory. These studies corroborate 
the idea that sleep may modulate learning and memory performance, therefore, studies 
that investigate these variables (e.g. tDCS learning and memory studies) may be affected 
by prior sleep or wakefulness.  
The beneficial effect of sleep to learning and memory also extends to patients with brain 
injury, such as stroke patients. Siengsukon and colleagues have carried out extensive 
research on this field (Siengsukon & Boyd, 2009; 2009a). The benefit of sleep on implicit 
motor skill learning and memory consolidation after stroke was investigated in 18 
individuals and age-matched controls. Participants were assigned to either the sleep 
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group that slept between practice and retention testing or the wake group who stayed 
awake between practice and retention testing. Their results show that stroke patients 
exhibited sleep-dependent off-line learning, while individuals who stayed awake had no 
change in performance. Similar results were also obtained in a separate study which 
tested sleep-dependent learning in spatial tracking accuracy and temporal tracking 
accuracy in post stroke individuals (Siengsukon & Boyd, 2009). Their results showed 
that both spatial tracking accuracy and temporal tracking accuracy was significantly 
improved in subjects who slept between practice and retention testing, compared to 
subjects who stayed awake between practice and retention testing. These findings show 
that sleep is important for functional recovery and it is important to ensure good quality 
sleep during rehabilitation. tDCS has been proposed as an adjuvant therapy for a number 
of neurological disorders such as stroke (Ebajemito et al., 2016), and since sleep disorders 
are comorbid with neurological disorders (Baumann et al., 2007; Bassetti et al., 2011; 
Hermann & Bassetti, 2003), it is important to understand how prolonged wakefulness 
alters the efficacy of tDCS as an adjuvant therapy. This study will attempt to address this 
link in a non-clinical population using a declarative memory task.  
The theoretical basis for the beneficial effect of sleep on learning centres around two 
popular hypotheses, the “synaptic homeostasis hypothesis” and “sleep-dependent 
synaptic formation”. In simple terms, the former describes sleep as a physiological state 
that reduces/prunes synaptic strength and density thus keeping the important synapses 
(Tononi & Cirelli, 2006). The latter describes sleep as an active process which enhances 
learning and memory by increasing specific synaptic strength and growth. This means 
during sleep, synapses that are strongly activated while learning during wake are 
stabilized and consolidated, thus improving performance over subsequent testing (Censor 
et al., 2012; Tononi & Cirelli, 2014). Although, the above empirical and theoretical 
evidences clearly demonstrate the importance of sleep to learning and memory, there is 
still a prevalence of poor sleep in the population. It is unlikely that there will be imminent 
life-style and work-habit changes allowing for more time to sleep, which raises the idea 
of investigating interventions that can compensate for poor performance associated with 
prolonged wakefulness. One of these possible intervention is tDCS. This possibility is 
further discussed below.
 178 
 
6.1.2 Effect of tDCS on Poor Performance Associated with Prolonged Wakefulness  
tDCS has been shown to be effective in enhancing a number of human cognitive 
functions (see Chapter 1, section 1.2 for a literature review of tDCS applications). A 
growing number of studies have shown that anodal tDCS applied to the frontal cortex 
can significantly improve cognitive performance such as short-term and long-term 
memory (Fregni, Boggio, Nitsche, et al., 2005; Marshall et al., 2004; Nelson et al., 2014; 
Sandrini et al., 2012; Zaehle et al., 2011), both of which are often negatively affected by 
lack of sleep (see Table 6.1). Notably, Study 1 and Study 2 from this thesis have shown 
that 20 minutes anodal tDCS to the right dorsolateral prefrontal cortex (DLPFC) can 
significantly improves recall of word-list compared to sham stimulation. Two notable 
studies by McIntire and colleagues compared the effect of tDCS to caffeine during 
extended wakefulness (McIntire et al., 2014 McIntire et al., 2017). Their result 
demonstrated that tDCS had a greater effect at alleviating fatigue associated with 
prolonged wakefulness compared to caffeine, thus leading to an overall boost in 
performance and mood which lasted several hours. The outcomes from these studies 
therefore suggest tDCS could be a useful intervention for memory-enhancement. 
So far, only small number of studies have manipulated sleep in order to test its effect on 
tDCS. Instead, studies have focused on using tDCS to manipulate sleep by either 
delivering stimulation before or during sleep (Frase et al., 2016; Marshall et al., 2004; 
Reato et al., 2013; Saebipour et al., 2015). For example, Frase et al. (2016) reduced total 
sleep time by applying tDCS before bed time, Saebipour et al. (2015) applied tDCS 
during sleep to modulate different sleep stages across a night of sleep in insomnia 
patients, while Marshall et al. (2004) applied tDCS during sleep and increased declarative 
memory performance after subsequent wake. Although these studies highlight the 
overlap between tDCS and sleep, supporting the idea that neuroplasticity processes 
occurring during sleep and those occurring during tDCS may have an effect on each 
other, it is not known if tDCS can be used to directly alleviate the consequences of 
prolonged wakefulness. It is this research question that will be address in this current 
study.
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6.1.3 Current Study 
The above sections have highlighted the importance of sleep to learning and memory and 
the effect of lack of sleep on performance. In addition, empirical evidence that suggest 
that tDCS may potentially alleviate the effect of prolonged wakefulness on performance 
has been presented. The current study will build on theoretical and empirical evidence 
that link sleep and tDCS in order to investigate the modulatory effect of sleep on tDCS-
enhanced delayed recall. Insights into the role of tDCS on memory consolidation over 
wake or sleep will enable us understand the suitability of tDCS to sustain memory when 
adequate sleep is compromised, and offer it as a supplement for other performance 
increasing interventions such as caffeine which has a short-lived effect, especially after 
chronic use (McIntire et al., 2014; McIntire et al., 2017; McLellan et al., 2005). In 
addition, findings from this study will enable us identify the modulatory effect of prior 
wake or sleep on tDCS efficacy.  
In Study 1 and Study 2, the modulatory effect of sleep quality and circadian rhythm on 
tDCS efficacy were addressed. Study 1 showed numerically that tDCS can alleviate 
performance deficit associated with bad quality, while Study 2 showed an interaction 
between stimulation and circadian mis-/alignment, with greater tDCS-effect in 
misaligned condition. Here, we seek to explore tDCS-effect on cognitive performance in 
regard to sleep compared to wake. Using a delayed recall paradigm of the paired-
associate learning (PAL) task, previously shown to be sensitive to tDCS and sleep 
(Marshall et al., 2004) and not influenced by circadian phase (Pilot Study 4; Chapter 3), 
participants encoded and recalled 50 word-pairs, with 12 hrs interval between encoding 
and recall filled with sleep or wake. During both sessions, anodal tDCS was delivered to 
the right DLPFC and subjective sleepiness/alertness before and after the recall session 
was assessed.  
Using the above experimental design, we aim to replicate sleep-depending learning 
reported in previous studies (Mednick, 2009; Payne et al., 2012; Siengsukon & Boyd, 
2009). Specifically, we hypothesise that participants who sleep between study encoding 
and retrieval will perform better than participants who remain awake. This hypothesis is 
based on the framework within the synaptic homeostatic and sleep-dependent synaptic 
strengthening hypothesis previously discussed (section 6.6.1 & Chapter 1 section 
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1.4.4). We also hypothesise that tDCS-effect will alleviate poor performance associated 
with wakefulness between encoding and retrieval and there will be an interaction between 
condition and stimulation. The theoretical basis for these assumptions is the putative link 
between sleep and tDCS on learning and memory mechanisms such as the modulation of 
LTP via NMDA and BNDF-dependent mechanisms (see Chapter 1). In addition, tDCS 
has been shown to alleviate attention deterioration (Coffman, Trumbo, & Clark, 2012; 
Nelson et al., 2014; Sparing et al., 2009; Stone & Tesche, 2009), which is a characteristic 
of prolonged wakefulness (Alapin et al., 2000; Banks et al., 2010; Gumenyuk et al., 2011; 
Ma et al., 2015). Based on this theoretical basis, the subsequent section highlights the 
overall research aims and hypotheses of this study.  
6.1.4 Research Aims 
The aim of this current study was to investigate the effect of tDCS-enhanced learning on 
memory consolidation after prior sleep or wake using a delayed recall paradigm. Overall, 
we aim to replicate the individual effect of tDCS and sleep on learning in order to address 
the following research questions: 
1. Stimulation: what effect will tDCS have on PAL-task compared to sham stimulation? 
2. Sleep and wake:  what is the effect of sleep or wake in between encoding and retrieval? 
Furthermore, we aim to investigate the interaction of tDCS and sleep in a learning task 
in order to address the following research question: 
3. tDCS-effect: can tDCS improve poor performance associated with wakefulness between 
encoding and retrieval? 
6.1.5 Hypotheses 
1. tDCS will enhance recall in the PAL-task compared to sham stimulation  
2. Participants who slept between encoding and retrieval interval will perform better 
compared to participants tested with retrieval interval filled with wake.  
3. tDCS will alleviate performance deficit associated with wake-filled retrieval interval.
 181 
 
6.2 Method 
6.2.1 Participants 
Fifteen volunteers (4 males, 11 females; all right handed: .93 ± .15; mean age: 19.5 ± 
1.19; anxiety: 7.27 ± 4.91; depression: 4.67 ± 7.27) participated in this study. Specific 
screening and recruitment criteria were applied in order to ensure the eligibility and 
suitability of participants selected for this study (Chapter 2, section 2.2.1). None of the 
participants had history of psychiatric or neurological disorders, or were taking any 
medications that could interfere with the central nervous system processes. Written 
informed consent was obtained from each participant and each participant was asked to 
read the participant information sheet prior to the study. Participants had the right to 
withdraw from the study at any time, without stating reasons for withdrawal. Results and 
data obtained from the study were stored in strictest confidence in compliance with the 
Data Protection Act (1998). 
Prior to the study, participants completed the Morningness and Eveningness 
Questionnaire (MEQ; Horne & Ostberg, 1976), Hospital Anxiety and Depression Scale 
(HADS; Zigmond & Snaith, 1983), Edinburgh Handedness Inventory (EHI; Oldfield, 
1971), Pittsburgh Sleep Quality Index (PSQI; Buysse et al. 1989) and general 
demographics questionnaire. For details of these questionnaires, please refer to the 
methodology chapter (Chapter 2). Extreme chronotypes (MEQ score: evening-type 16 
– 41; morning-type 59-100) and bad sleepers (PSQI ≥ 5) were excluded from the study 
to prevent confound of poor sleep quality and diurnal preference on performance.   
6.2.2 Experimental Design 
This study was a randomised within subject repeated measures design, whereby all 
participants performed four sessions of experiments, two in the sleep condition (with 
tDCS or sham), and two in the wake condition (with tDCS or sham). During the wake 
conditions, encoding took place between 07:00 and 09:00 hrs, while retrieval took place 
between 18:00 – 20:00 hrs on the same day. During sleep session, encoding took place 
between 18:00 – 20:00 hrs, while retrieval took place between 07:00 – 09:00 hrs the next 
day. The order of these sessions was randomised between participants, and there was a 
week interval between sessions to eliminate any practise effect (Figure 6.1). 
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Furthermore, different paired-associate lists were used for each session, and the order of 
these was also randomised.  
The tDCS protocol was randomised and double-blind, such that all participants received 
one session of tDCS (for both encoding and retrieval) and one session of sham 
stimulation (again for both encoding and retrieval). Therefore, the four possible 
combinations of conditions were: wake-tDCS, wake-sham, sleep- tDCS and sleep-sham.  
 
 
 
 
 
 
 
 
Figure 6.1 | Schematic diagram of the experimental design showing initial screening, wake 
and sleep retrieval interval conditions of the paired-associate learning (PAL) task with 
tDCS or sham stimulation, separated by one week interval. Order of stimulation (tDCS or 
sham) and condition (wake or sleep) was counterbalanced across participants.  
6.2.3 Experimental Procedures 
Prior to the start and at the end of the recall sessions, participants completed the 
Karolinska Sleepiness Scale (KSS; Akerstedt & Gillberg, 1990) to access current/change 
in state of sleepiness. Test instructions were given to participants verbally and on the 
computer display screen. 1 mA anodal direct current (DC) was delivered to the right 
DLPFC for 10 min during encoding and for 20 min during the retrieval session of the 
PAL-task, while the cathode was placed over the left contralateral supraorbital region as 
described in the methodological chapter (Floel et al., 2004; Tulving et al., 1994). Current 
was gradually ramped up over 10 s at the onset of the stimulation and gradually ramped 
down upon completion of stimulation. While the stimulation proceeded, participants took 
the PAL-task as described in the methodological chapter (Chapter 2; section 2.4.4). The 
PAL-task consisted of 50-paired associates at a frequency of 4000 ms; for example, 
am pm am pm 
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HAND-BAG, EYE-LASH, with four buffer words at the beginning and the end of the 
list which were not included in the analysis in order to control for primacy and recency-
effect (Deese & Kaufman, 1957; Murdock, 1962). Two separate but matched lists 
(Appendix B10) were counterbalanced between the wake and sleep conditions in order 
to prevent practise effect. Participants were instructed to learn the word-pairs by forming 
an association between both words, after which memory retention was assessed by the 
number of second half of the word-pairs recalled during the retrieval session after sleep 
or wake (12 hrs later). Stimuli were created/presented using the Presentation® software 
and responses during the recall session were typed and exported from to Microsoft Excel 
spread sheet. A debrief was conducted after each study session to find out if participants 
were aware of the stimulation conditions. Lastly, participants were asked to note their 
bed time, wake time and the amount of sleep they had during each night of the study 
sessions.  
6.2.4 Data and Statistical Analysis 
The number of correct responses from the PAL-task were converted into percentage 
scores (% recall) and this was used as an index of performance. In addition, the “tDCS-
effect” was calculated as change in performance (Δ performance) from tDCS to sham 
(tDCS % recall – sham % recall). For percent recall, the data was analysed using a 2 × 2 
repeated measure analysis of variance (ANOVA), with within subject factors stimulation 
(tDCS vs sham) and condition (sleep vs wake). Wilk’s Lambda statistic was reported for 
all ANOVA analyses and all post-hoc pairwise comparisons were Bonferroni corrected 
for multiple comparisons. The tDCS-effect was analysed using a paired sample t-test 
comparing Δ performance for the sleep condition with Δ performance for the wake 
condition.  
A repeated measure analysis of variance (ANOVA) was used to assess the effect of 
subjective sleepiness on performance across conditions and treatment. Change in 
subjective sleepiness was calculated by subtracting KSS-Pre from KSS-Post. All data 
were checked for normality and all were normally distributed. The p-value threshold was 
.05 and Cohen’s d effect size was calculated to determine the magnitude of any 
significant difference. Statistical analyses were performed using IBM SPSS (version 22, 
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IBM Corp. Armonk, New York USA) and graphs were plotted with Microsoft Excel 
2010 (Microsoft, St. Redmond, Washington USA). 
6.3 Results 
6.3.1 Demographics 
Data from all 15 participants recruited passed screening criteria and were included in the 
analysis. All participants were intermediate chronotypes (MEQ = 49.9 ± 5.81) and good 
sleepers (PSQI = 3.73 ± 1.03). This sample size is consistent with studies that have 
investigated the effect of tDCS on learning and memory (Fregni et al., 2015; Floel et al., 
2008) as well as sleep (Marshall et al., 2014). Participants were unaware of the condition 
they were in during both tDCS and sham stimulation. There was no report of adverse 
side-effect of tDCS except mild itching sensation frequently observed in tDCS 
experiments (Brunoni et al., 2011; Poreisz et al., 2007), which lasted few seconds at the 
beginning of the stimulation. Demographics of all participants are reported in Appendix 
C3. 
Sleep diary data (Appendix C4) showed that 3 participants had 6 hrs of sleep (wake-
tDCS: n = 1; wake-sham: n = 2) while others had 7 or more hours of sleep each night 
across all study nights. 6 participants slept after midnight (wake-tDCS: n = 1; wake-
sham: n = 3; sleep-sham: n = 2), while others went to bed before midnight. 
6.3.2 Subjective Sleepiness 
Subjective sleepiness as assessed by the KSS across all conditions revealed a significant 
difference in sleepiness indicated by increased levels of alertness after the study sessions 
(KSS-Post: M = 2.81) than before the study sessions (KSS-Pre: M = 3.33); F(1, 14) =  
17.9, p = .001, ƞp2 = .56 (Figure 6.2). In addition, participants were more sleepy in the 
wake condition (M = 3.71 ± 1.47) compared to the sleep condition (M = 2.44 ± 4.34), 
F(1, 14) = 31.0, p = .002, ƞp2 = .50. Subjective sleepiness was lesser with tDCS (M = 
2.57 ± 1.30) than in sham stimulation (M = 3.58 ± 1.25); F(1, 14) =  13.0, p = .003, ƞp2 = 
.48. There was no interaction between subjective sleepiness, condition, and stimulation 
(p = .30). 
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Further analysis revealed a significant change in subjective sleepiness in the wake-tDCS 
condition indicated by increased levels of alertness after the study session (KSS-Post = 
1.35 ± 1.29) compared to before the study session (KSS-Pre: 3.20 ± 1.61), t(14) = 2.31, 
p = .037, d = 1.20. There was no significant change in subjective sleepiness wake-sham 
(p = .17), sleep-tDCS (p = .054) and sleep-sham condition (p = .16);  
 
Figure 6.2 | Subjective sleepiness assessed by the Karolinska Sleepiness Scale (KSS) under sleep 
and wake conditions with tDCS or sham stimulation before task (KSS-Pre; black bars) and after 
task (KSS-Post; grey bars). **p < .002, * p < .05; error bars indicate standard error of the mean. 
6.3.3 Cognitive Performance 
There was a main effect of stimulation (F(1,14) = 7.46, p = .02,  ηp2 = .35), with better 
participants performance on the PAL-task with tDCS (M = 54.8 ± 11.7) compared to 
sham stimulation (M = 49.2 ± 12.3). No significant main effect of condition was observed 
(F(1,14) = 1.13, p = .31,  ηp2 = .07), whereby performance was similar in the sleep (M = 
53.5 ± 13.1) and wake condition (M = 50.5 ± 10.9). However, there was an interaction 
between stimulation and condition (F(1, 14) = 16.5, p = .001, ηp2 = .54) (Figure 6.3). 
Following on from this, planned comparisons of tDCS-related change in performance 
revealed that this “tDCS-effect” (tDCS % recall − sham % recall) was significantly 
greater for the wake condition (M = 18.3 ± 13.0) compared to the sleep condition (M = -
7.07 ± 15.8); t(14) = 5.44, p < .001, d = .73.  Performance with tDCS was better in the 
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wake condition (59.6 ± 9.42) in comparison to the sleep condition (50.0 ± 14.0); t(14) = 
2.37, p = .03, d = .80. 
 
 
 
 
Figure 6.3 | Percent recall in the paired-associate learning (PAL) task after prior sleep or wake 
condition with tDCS or sham stimulation. * p = .05, ***p < .001; error bars indicate standard 
error of the mean. 
Lastly, there was no evidence of practise effect in the first combination of sessions 
(session 1: M = 46.9 ± 18.5 vs session 2: 52.6 ± 18.2; t(14) = 1.50, p = .16, d = .31) and 
the second combination of sessions (session 3: M = 43.2 ± 16.1 vs session 4: M = 53.0 ± 
18.9; t(14) = 2.0, p = .067, d = .56).
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6.4 Discussion 
6.4.1 Overall Findings 
The primary aim of this study was to investigate the effect of tDCS-enhanced learning 
on memory consolidation (delayed recall) and its interaction with sleep enhancement of 
learning using a PAL-task. We hypothesised that tDCS would enhance delayed recall 
compared to sham stimulation, and participants who slept between encoding and retrieval 
interval would perform better compared to participants who did not sleep (interval filled 
with wake). Furthermore, we predicted a greater tDCS-effect in wake conditions 
compared to sleep conditions. A main effect of stimulation was found, such that tDCS 
enhanced performance in the memory task, confirming our hypothesis. However, the 
hypothesis that the data would confirm sleep-dependent enhancement of learning was 
not confirmed, and no significant effect of prior sleep on performance was found. This 
could be due to the significant interaction effect observed, whereby tDCS increased 
performance in the wake condition, as predicted. This data suggests that tDCS may 
alleviate poor performance associated with prolonged wakefulness. These findings are 
discussed below.  
6.4.2 Effect of tDCS on Memory Consolidation After Prior Sleep vs Wake 
In the present study, tDCS significantly increased recall performance in the PAL-task 
compared to sham stimulation. Findings from this study further supports previous 
research by McIntire et al. (2014) and McIntire et al. (2017) which showed that tDCS 
can alleviate the effect of prolonged wakefulness. Notably, there was an interaction 
between stimulation and condition, such that tDCS-effect was greater in wake condition 
compared to sleep condition. Although, the mechanisms underlying this interaction 
cannot be deducted from this data, there are possible explanations for these findings. 
Firstly, the overall tDCS-enhancement effect observed may be due to online 
enhancement of declarative memory encoding, consolidation due to after-effect of tDCS, 
and/or enhancement of retrieval. This is because tDCS was delivered during both 
encoding and retrieval sessions. In the wake condition, tDCS enhancement may have 
been particularly due to increased information processing or resource allocation (in 
encoding and retrieval). These processes might not have been as effective in the sleep 
condition. In the sleep condition, performance during sham stimulation may already be 
at ceiling, therefore resulting in no further enhancement by tDCS. Whereas in the wake 
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condition, tDCS improved performance because the ceiling of performance threshold had 
not been reached. Taken together, these findings suggest that tDCS-effect on task 
performance is greater when applied after prolonged wakefulness compared to after prior 
sleep. 
The beneficial effect of tDCS on performance in the wake condition may also be as a 
result of its protection against some of the negative effects of prolonged wakefulness 
such as attention and vigilance decline, coupled with increase in levels of fatigue (see 
KSS data). Although attention and vigilance were not directly assessed in this present 
study, subjective sleepiness assessed by the KSS showed that participants were sleepier 
in the wake condition compared to the sleep condition, however, this was alleviated by 
tDCS compared to sham stimulation. Interestingly, the tDCS-wake condition had a 
significant change in subjective sleepiness compared to other stimulation/conditions 
(wake-sham, sleep-tDCS & sleep-sham). This result is in line with previous studies that 
have observed a two-fold increase in attention with prefrontal anodal tDCS (McKinley 
et al., 2013; Nelson et al., 2013), suggesting this may be a potentially mechanism by 
which tDCS alleviates the performance deficit associated with retention interval filled 
with wake. This idea seems to be a reasonable explanation, and is backed up by evidence 
revealing that fatigue as a result of prolonged wakefulness may lead to decline in 
attention, which then affects cognitive performance (Krueger, 1989; Nelson et al., 2014).  
On a molecular level, spikes in adenosine levels are a marker of fatigue (Davis et al., 
2003). Adenosine binds to its receptors (A1 & A2) and blocks excitatory 
neurotransmitters such as dopamine and glutamate, which leads to increase in levels of 
fatigue and sleepiness associated with prolonged wakefulness. One of caffeine’s 
mechanism of curtailing fatigue and sleepiness is said to be by blocking adenosine A2 
receptors (Davis et al., 2003). It has been discovered in animal models that tDCS blocks 
adenosine A1 receptors (Márquez-Ruiz et al., 2013). This suggests that both tDCS and 
caffeine may have similar mechanisms, and may explain the observed tDCS-effect in the 
wake conditions observed in this study. Although negative consequences of prolonged 
wakefulness on cognitive performance have often been improved with caffeine 
(McLellan et al., 2005; Tharion, Shukitt-Hale, & Lieberman, 2003), its negative effect 
on mood and decline in its effectiveness after chronic use calls for an alternative 
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intervention such as tDCS (Lieberman et al., 2002; McIntire et al., 2014). The tDCS 
performance enhancement observed in this study, along with possible links to increased 
attention under fatigue from previous studies, suggests that tDCS may be an alternative 
intervention to caffeine. Further studies are required to fully characterise these findings. 
6.4.3 Effect of Sleep on Memory Consolidation 
In the present study, there was no main effect of sleep condition on performance. 
Although, performance in the wake condition was numerically worse than the sleep 
condition, it did not reach significance. This finding contradicts the vast majority of the 
literature which have shown that sleep between learning and recall interval is beneficial 
for performance in comparison to wake (Drummond et al., 2000; Forest & Godbout, 
2000; Wimmer et al.,1992; Mu et al., 2005; Jenkins & Dallenbach, 1924). One possible 
explanation for the insignificant beneficial effect of sleep on task performance in this 
present study could be that participants did not have a good quality sleep during the 
rentention period. Participants were good sleepers as assessed by the PSQI. However, in-
depth sleep data could not be obtained as participants slept at home in their natural sleep 
environment, so sleep quality was not monitored throughout the night. In addition, lack 
of sleep-dependent learning effect observed in this study could simply be the case that 
encoding bias was worse in the evening. Therefore, if encoding was weaker during the 
evening, then there is insufficient memory to consolidate during sleep. Although, the 
pilot study conducted in this thesis to investigate the effect of circadian phase on 
performance in an immediate recall paradigm of the PAL did not find a significant 
circadian counfound (see Chapter 3, session 3.5), this point may affect the interpretation 
of the data.  
Another possible explanation for the lack of beneficial effect of sleep on learning could 
be that sleep-dependent learning is dependent on the timing of learning and timing of 
sleep (Holz et al., 2012; Plihal & Born, 1997). In terms of timing of learning session, a 
previous study by Holz et al. (2012) demonstrated this using the PAL-task. Their results 
showed that to fully benefit from sleep-dependent learning, it is better to encode 
declarative memory in the afternoon (~15:00 hrs) and procedural memory shortly before 
bedtime (~21:00 hrs). In the present study, learning during the sleep condition took place 
between 18:00 and 20:00 hrs, a midpoint between these two times of the day. Therefore, 
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it is possible that this time interval did not favour sleep-dependent learning. A possible 
explanation for the delay in enhanced retention after early encoding of declarative 
memory has been desmonstrated in preclinical studies. Findings from these studies 
showed that late phase of hippocampal LTP lasts up to 24 hrs after encoding (Bliss & 
Gardner-Medwin, 1973). In terms of sleep timing, Phiha & Born (1997) reported that 
early sleep is beneficial for recall of paired-associates list. In the present study, 
participants were allowed to sleep at their normal bed-time, therefore participants who 
had gone to bed late (n = 6), may have compromised the beneficial effect of sleep on 
performance.  
Furthermore, participants activities between study sessions and bedtime were not 
monitored as they were allowed to leave the lab after the study. For this reason, it is not 
known if participants activities between study session and bedtime may have interfered 
with memory consolidation through the night and recall the following morning. Lastly, 
the small sample size may not have been sufficient for an observable effect of sleep on 
performance.  
6.4.4 Further Theoretical Considerations and Methodological Limitations 
Although findings from the present study suggests that tDCS can alleviate the effect of 
prolonged wakefulness on performance, and may therefore be applied to real life 
situations such as shift-work and jet lag. However, there are a number of theoretical 
considerations and methodological limitations to be considered. These concerns are 
discussed below. 
Cognitive functions such as learning, memory and recall are complex processes that may 
be influenced by a number of physiological and biological factors (Barenberg, Berse, & 
Dutke, 2011; Burkhalter & Hillman, 2011; Voss, Nagamatsu, Liu-Ambrose, & Kramer, 
2011; Gomez-Pinilla, 2008; Tononi & Cirelli., 2014; Barenberg et al., 2001; Gomez-
Pinilla., 2008). Therefore, it is unclear if the tDCS-effect observed here is exclusively as 
a result of the stimulation. Nutrition in particular may influence cognitive function 
independently (Gomez-Pinilla, 2008), or may be a modulator of tDCS via cerebral 
glucose consumption (Binkofski et al., 2011). Prior meal before each study session was 
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not accessed in this study, and it is therefore unclear what effect nutrition may have on 
the findings from this study. 
Generalisability of the findings reported in this study may be constrained by the study 
population, which were young healthy volunteers. Therefore, it is unknown to what 
extent the observed tDCS-effects apply to older age groups (middle-aged/elderly) or 
clinical populations (e.g. patients with neurological diseases). For example, changes in 
sleep architecture associated with ageing have been linked with differences in the effect 
of tDCS in older individuals (Fiori et al., 2017). Another limitation to this study is that 
sleep quality across the night was not assessed. Therefore, it is not clear if there was a 
variation in night sleep between study sessions that had an effect on performance, or 
whether tDCS modulated participants sleep across the night. Lastly, because tDCS was 
applied during both encoding and retrieval in each session, it is not clear where the tDCS-
effect originates.  
6.4.5 Future Studies 
Future studies are required to explore the interaction of prior meal and sleep on tDCS-
efficacy. This is based on the premise that brain stimulation influences downstream 
metabolic systems regulation in the brain, for example glucose consumption (see 
Binkofski et al., 2011). This is essential to investigate whether performance enhancement 
in this study was actually as a result of stimulation and not prior meal or an interaction 
of both. This is particularly important for sessions in the morning (wake condition 
encoding; sleep condition retrieval) because breakfast has been shown to influence 
cognitive performance (Adolphus et al., 2013). 
Furthermore, to fully characterise the effect of sleep on tDCS-enhanced learning, sleep 
deprivation studies may be required to investigate its potential for alleviating problems 
associated with insufficient sleep. One possible research question that could be addressed 
is what effect tDCS has on recovery time after prior sleep deprivation, and this effect can 
be compared to caffeine or other commonly used stimulants. This idea follows from 
studies that have shown that tDCS can alleviate problems associated with sleep 
deprivation such as fatigue, attention and vigilance decline (McKinley et al., 2013; 
Nelson et al., 2013). 
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Lastly, further studies are required to examine the physiological construct of the sleep 
process and how tDCS can be used to drive sleep restoration. tDCS-enhanced learning 
following prolonged wakefulness compared to sleep should be investigated in population 
with neurological or sleep disorders. With this knowledge, researchers can start to 
explore the application of tDCS in specific medical conditions that are comorbid with 
sleep disorders. 
6.5 Conclusion 
This study reported a main effect of stimulation on performance in the PAL-task, with 
better performance with tDCS compared to sham stimulation. There was no significant 
beneficial effect of sleep between learning and recall interval compared to wake. 
However, this is likely due to an interaction effect, which revealed that tDCS may be a 
countermeasure for the detrimental effects of prolonged wakefulness on cognitive 
performance. Further studies need to be conducted to fully characterise this interaction.
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CHAPTER 7 
General Discussion 
Overview  
This thesis presents novel data which addresses the gaps in the literature on the 
modulatory effect of sleep on transcranial direct current stimulation (tDCS) enhanced 
learning. The arguments in this thesis have been decomposed into 3 main hypotheses, 
each of which was thoroughly tested for its adequacy in 3 separate, but closely related, 
studies in order to maintain the general thrust of the key argument. In this chapter, an 
outline of the key findings of the studies will be provided, the limitations of the studies 
and an evaluation of the importance of this thesis to the development of the discipline of 
sleep and brain stimulation will be discussed. 
7.1 Objectives and Findings 
7.1.1 Summary of Thesis Objectives 
The replicability of tDCS-effect in the literature is poor and most studies have attempted 
to explain this by investigating parameters of stimulation (current intensity, duration of 
stimulation, and electrode placement) and task (Fertonani & Miniussi, 2016; Li et al., 
2015). However, studies using the same stimulation parameters and task have reported 
inconsistent results, thus suggesting that inter-individual variabilities may be responsible 
for the poor replicability of tDCS. Sleep seems to be a potent factor that may modulate 
tDCS efficacy because of their shared mechanism on neuroplastic processes involved in 
learning and memory. However, only a few studies have investigated this link. The 
majority of available studies have used tDCS to manipulate sleep (Frase et al., 2016; 
Marshall et al., 2004; Reato et al., 2013; Saebipour et al., 2015), but only two studies has 
manipulated sleep to investigate tDCS-effect (McIntire et al., 2014; McIntire et al., 
2017). This therefore leaves a gap in the literature which this thesis explores.
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This thesis was developed to explore the link between tDCS and sleep based on three 
main research questions:  
1) What is the effect of sleep quality on tDCS-enhanced learning?  
2) What is the effect of circadian mis-/alignment on tDCS-enhanced learning?  
3) What is the effect of prior sleep or wake on tDCS-enhanced delayed recall?  
7.1.2 Summary of Findings 
Study 1 
The findings from Study 1 showed no main effect of subjective sleep quality and no 
interaction between sleep quality and stimulation. There was however a main effect of 
stimulation on performance, whereby administration of tDCS improved memory 
performance across participants. These results suggest that sleep quality, as assessed 
using PSQI and actigraphy, does not affect variability in tDCS-effect on cognitive 
performance. 
Study 2 
The findings from this study showed that there was a main effect of circadian mis-
/alignment, such that diurnal synchrony was better for task performance compared to 
diurnal desynchrony. There was a main effect of stimulation, such that performance was 
better with tDCS compared to sham stimulation. A trend (p = .054) in interaction between 
tDCS and circadian mis-/alignment was also observed, such that tDCS-effect was 
numerically greater at non-optimal time of the day (desynchronous) compared to optimal 
testing time (synchronous). Interaction was only significant when one-sided hypothesis 
testing was used (p = .027). These early findings suggest that tDCS may alleviate poor 
performance associated with circadian misalignment, and time of the day may potentially 
influence tDCS efficacy.  
Study 3 
Results from Study 3 showed that there was a main effect of stimulation indicated by 
better performance with tDCS compared to sham stimulation, but no main effect of 
condition, indicated by a similar performance after prior sleep compared to a period of 
wake. However, there was an interaction between stimulation and condition, such that 
tDCS-effect on performance was greater after wake compared to after sleep. This 
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suggests that tDCS may alleviate poor performance associated with prolonged 
wakefulness. 
7.1.3 Proposed Interpretation of Findings 
As highlighted above, sleep quality (Study 1) did not have an effect on tDCS efficacy, 
while circadian mis-/alignment (Study 2) and wake/sleep (Study 3) did. Data from Study 
2 and 3 suggests that tDCS shows a bigger effect in “impaired” group and condition 
respectively, that is, circadian misaligned and wake conditions. Although, data from the 
sleep quality study did not reach significance, poor sleep quality had a bigger tDCS-effect 
(numerically). Taken together, all the studies in this thesis suggest that tDCS-effect is 
greater in a brain which is in a non-optimal state in terms of sleep. This thus support the 
proposition that tDCS and sleep may indeed act through similar mechanisms, and there 
is a ceiling performance that can be reached whereby tDCS may not have any effect in 
optimal state.  
7.1.4 Findings in Comparison to Previous Literature 
Results from the thesis reported a main effect of stimulation across all studies, indicated 
by better performance with tDCS compared to sham stimulation. This reliable tDCS 
enhancement of learning and memory is in line with a number of studies that suggest 
tDCS can potentially induce an increase in cognitive performance (Chhatbar & Feng, 
2015; Choe et al., 2016; Dockery, Hueckel-Weng, Birbaumer, & Plewnia, 2009; Floel, 
Rosser, Michka, Knecht, & Breitenstein, 2008; Fregni et al., 2005; Iyer et al., 2005; 
McKendrick et al., 2014; Nitsche et al., 2003). 
In terms of sleep quality, the study reported no effect of sleep quality on cognitive 
performance. Generally, this is not the case as a number of studies have shown that poor 
sleep affects cognitive performance (Alhola & Polo-Kantola, 2007; Belenky et al., 2003; 
Smith et al., 2002; Nilsson et al., 2005; Quigley et al., 2000). The lack of difference in 
performance between good sleepers and bad sleepers could be due to either the measures 
of sleep quality not being adequate, or the groups being too similar in sleep quality (see 
Chapter 4 for further discussion). In Study 2, circadian mis-/alignment significantly 
affected performance, with synchrony beneficial for performance compared to 
desynchrony. The concordance in timing of cognitive task administration and individual 
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preferred time of the day observed in this study has previously been reported in multiple 
studies (Goldstein et al., 2007; Hasher et al., 1999; Intons-Peterson et al., 1999; May & 
Hasher, 1998; May et al., 2005; West et al., 2002). In Study 3, prior sleep before task did 
not have a significant effect on recall of paired-associate list, indicated by similar 
performance after prior sleep compared to wake. This finding contradicts the vast 
majority of the literature which have shown that sleep between learning and recall 
interval is beneficial for performance compared to wake (Drummond et al., 2000; Forest 
& Godbout, 2000; Wimmer et al., 1992; Mu et al., 2005; Jenkins & Dallenbach, 1924). 
Lack of replication of the literature in this study could be as a result of wrong timing of 
learning, timing of sleep (Holz et al., 2012; Plihal & Born, 1997), or poor sleep quality 
during study nights (see Chapter 6 section 6.4.3 for further discussion).  
With regard to the interaction between stimulation and sleep, lack of existing studies that 
explore the modulatory effect of sleep on tDCS-enhanced learning adds complexity to 
the interpretation of the results obtained from these studies. Study 1 (sleep quality) did 
not report an interaction between stimulation and sleep, while Study 2 (circadian mis-
/alignment) reported a trend in interaction. Study 3 reported a significant interaction 
between conditions (sleep vs wake) on stimulation. More studies are required to fully 
characterise these findings. 
7.2 Further Theoretical Considerations 
7.2.1 The Effect of Stress on Memory Theory 
The observations in this thesis may be due to the stress on memory, which is known to 
interfere with a person's capacity to encode  new information and retrieve previously 
acquired information (de Quervain, Roozendaal, & McGaugh, 1998; Kuhlmann, Piel, & 
Wolf, 2005). The interaction between stress and sleep is bidirectional, such that high 
levels of stress affects sleep and poor sleep quality increases stress levels (Ekstedt, 
Akerstedt, & Soderstrom, 2004; Lieberman et al., 2002). Although it is unclear if the 
tDCS-effect observed in this study was a result of its impact on stress, it is still a relevant 
theoretical consideration.
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7.2.2 Participant Characteristics 
Participant Selection 
A well-designed sample selection procedure is important for result interpretation. This 
requires careful planning, relevant knowledge of the sample population and adherence to 
specific recruitment criteria, with the main goal of preventing selection bias and 
increasing the generalisability of the findings. It is not easy for researchers to obtain a 
representative sample, meaning that the generalisability from the findings in a sample to 
that of the population is not completely certain. The investigated samples reported in 
thesis are closely related in age, educational level and majority of the participants were 
females. This is good for comparisons, but the homogeneity of the investigated samples 
may not entirely predict the possible relationship between tDCS and sleep if tested in the 
wider general population (all ages, education levels, and across gender). However, the 
majority of previous tDCS studies were carried out on university students, meaning that 
our subjects sample closely matches with previous literature, but may not be reflective 
of the general population. Both age and gender have some influence over sleep, which 
may have contributed to the data in this thesis, despite the groups being significantly 
homogenous in these factors. This is discussed in detail below.  
Participant Age 
Increased age is associated with decreased total sleep time, earlier wake time, alterations 
in circadian rhythm and decrease in slow wave sleep (SWS), as shown in Figure 7.1 
(Bliwise et al., 2005; Dijk & Duffy, 1999; Dijk et al., 2000; Kramer et al., 1999; Mokhlesi 
et al., 2012; Neubauer, 1999; Ohayon et al., 2004). In addition, available data show clear 
changes in diurnal preferences over lifespan, with children being mostly morning-type 
(Kim, Dueker, Hasher, & Goldstein, 2002), followed by a shift to eveningness in 
adolescence, and a return to morningness in the elderly (Kramer et al., 1999; Neubauer, 
1999). Finally, sleep quality and architecture also changes across age (Dijk & Duffy, 
1999; Kramer et al., 1999; Neubauer, 1999).  
The age range of the study sample was 18-30, which roughly falls into the age range of 
young adults. Within this range, the changes in sleep time, sleep quality, sleep 
architecture, circadian rhythm and diurnal preference are relatively minimal. As such, 
age may not have had a great effect on the data within this study. This age range was 
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selected because of practicality reasons, as they fall within the age of students at the 
institution which the studies took place. As discussed above, the effect of sleep on tDCS 
efficacy observed in this thesis may be different in infants and an aging population. 
Additional research is required to investigate the effect of sleep on tDCS-enhanced 
learning across all age groups.  
 
Figure 7.1 | Sleep architecture over life span (Ohayon et al., 2004). 
Participant Gender 
Women are more prone to general sleep disturbances and insomnia (Groeger et al., 2004; 
Reyner, Horne, & Reyner, 1995). Although, it is unclear why this trend exists in women, 
their predisposition to greater level of anxiety may account for the existence of sleep 
disturbances (Bekker & van Mens-Verhulst, 2007). On the contrary, men have more 
sleep disordered breathing (SDB) compared to women (Valipour et al., 2007). With 
regard to sleep architecture, there are notable gender differences as shown in Table 7.1 
obtained from a study sample of 2685 participants between the ages of 37 to 92 years. 
Sleep architecture (especially stages 3 and 4) varies between males and females at 
specific age range. Generally, men show more decline in sleep architecture compared to 
women.  
The study samples reported data from predominantly females. Therefore, a fair 
conclusion of any gender difference could not be drawn. This does not dismiss the 
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evidence that gender specific differences exist in sleep, which may modulate the effect 
of tDCS. In addition, there is compelling evidence that gonadal hormones alter 
components of memory by influencing the structural properties of brain regions involved 
in learning and memory (Phillips & Silverman, 1997; Sutcliffe, Marshall, & Neill, 2007). 
It has been suggested that sexually dimorphic cognitive capabilities are a product of 
evolution and the “female foraging” hypothesis has been put forward to explain this (Eals 
& Silverman, 1994; Silverman, Choi, & Peters, 2007). This hypothesis states that females 
are more efficient compared to males at remembering the identity of objects (Eals & 
Silverman, 1994).  
There are also gender differences in cortical plasticity and the effect of brain stimulation, 
which may account for performance differences in certain cognitive tasks, and 
susceptibility to neurological diseases between males and females (Kuo, 2007; Kuo, 
Paulus, & Nitsche, 2006). Sex differences in neuroplasticity have been investigated in 
humans using tDCS and TMS, and a review of data collected from tDCS studies show 
that women had a longer-lasting inhibitory after-effect of cathodal tDCS compared to 
men. However, anodal tDCS excitatory effect did not show a significant difference in 
both groups (Kuo et al., 2006). These results suggest that gender differences may not 
have an effect on anodal tDCS, which was the stimulation montage used in the studies 
presented in this thesis. 
 200 
 
Table 7.1 | Sleep architecture as a function of age and gender (Kryger, 2005).  
 
 
 201 
 
7.3 Implications and Practical Applications of Findings 
This thesis shows that tDCS-effect is greatest when people are “impaired” by sleep, that 
is, when task is desynchronised with optimum time of the day or when recall task is 
carried out after wake. In both scenarios, tDCS has an effect which increases performance 
to levels where it is the same as the “non-impaired” state (synchronised/sleep), in which 
a ceiling of performance can be reached. Firstly, the critical implication of the 
modulatory effect of sleep on tDCS-enhanced learning is that in individuals with 
impaired sleep, tDCS may help enhance performance back to “normal” levels. Secondly, 
sleep may be responsible for variability in tDCS studies, which often do not take sleep 
into account.  
The immediate impact of this research is the better understanding of how sleep quality, 
circadian mis-/alignment, and prolonged wakefulness may affect learning and memory. 
The interaction of tDCS and sleep on cognitive performance is an interesting finding 
which has implications in both clinical and research setting. At present, most health 
practitioners do not fully understand the fundamentals of sleep homeostasis, and some 
researchers using tDCS remain unaware of potential modulators of tDCS, or choose to 
ignore them. For example, tDCS has been proposed as an adjunct therapy for post-stroke 
rehabilitation (Ebajemito et al., 2016), however, sleep was noticeably absent from the 
National Institute for Health and Care Excellence (NICE) 2013 guidelines for stroke 
rehabilitation (NICE, 2013). Ignorance of the importance of sleep in any tDCS study or 
clinical application that aims to enhance learning and memory stems from the relative 
recency of scientific knowledge of tDCS mechanisms. As such, the studies conducted in 
this thesis bring true added value to basic knowledge in the areas of brain stimulation and 
sleep and their intrinsic link on learning and memory mechanisms.  
Furthermore, this research will hopefully initiate new discussion on the possibility of 
“individualised” or “personalised” use of non-invasive brain stimulation. This will be in 
line with other areas of medicine, such as cancer therapies, which have taken the person-
centred approach and are archiving tremendous results. We hope this research will 
stimulate and support the adoption of a more robust study recruitment technique which 
takes into account various potential modulators of tDCS such as sleep, nutrition status, 
gender, genetics, stress, age and so on. This may in turn advocate methodological 
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standards practices which demand the pre-assessment of certain variables before tDCS 
application in order to maximise tDCS efficacy. 
7.3.1 Ethical Considerations with Human Biological Enhancement 
Humans have a natural inclination to better themselves, and improve their performance 
as we age and across generations. We have enhanced ourselves physically, mentally, and 
cognitively – one of which is the acquisition of the ability to read and write, allowing us 
to pass information through space and time. There have been a lot of discussions, which 
still continue, on the subject of human enhancement (Batuman, 2015; Bennabi et al., 
2014; Buchanan, 2008; Dubljevic et al., 2014; Economist, 2015; Farah et al., 2004). 
Human enhancement can be in the form of giving children inborn characteristics, 
changing the germ-line, sports enhancements, or cognitive enhancement in the form of 
tDCS (Bennabi et al., 2014). In this context, the idea that tDCS itself is wrong could be 
considered unreasonable. There are genuine concerns with unfair usage such as in 
“electrical doping” in sports or abuse of the procedure, but cognitive enhancement using 
tDCS can potentially increase productivity, efficiency, and enable us to lead a better life 
(Diekelmann, 2014). The use of such enhancement may be wrong if it lacks enough 
evidence of safety (risk) and efficacy (reward). The overall aim of research into a novel 
intervention should be focused on balancing both (Figure 7.2), regardless if it is intended 
for enhancement in non-clinical groups or for therapeutic use.   
 
Figure 7.2 | Overall aim of a novel intervention is to balance the efficacy (reward) and its 
safety (risk). 
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Over the years, there has been large publications on tDCS in the print media and 
academic literature, with discrepancies in the tone and focus of their reports (Dubljevic 
et al., 2014). Using the keywords “transcranial direct current stimulation” or “transcranial 
electric current stimulation, Dubljevic et al. (2014) have investigated trends in tDCS 
publications in print media from Factiva database (306 retrieved articles; 218 relevant 
articles) and academic articles from PubMed (1,237 retrieved articles; 948 relevant 
papers) between 2006 and 2013. Their results show that the academic literature has 
generally focused on the therapeutic (45%) and investigative (31%) aspects of tDCS, 
while 13% and 11% of print media articles have focused on human enhancement and 
other technical aspects of tDCS respectively (Dubljevic et al., 2014). In contrast, a larger 
percentage of print media articles have focused on potential enhancement (42%), and 
therapeutic applications (42%) of tDCS, while little attention has been paid to 
investigative (11%) and technical aspects (5%); see Figure 7.3. Furthermore, despite the 
lack of comprehensive understanding on the mechanisms and modulators of tDCS, as 
well as lack of standardized protocol, the media has often enthusiastically reported tDCS 
has the future of human cognitive enhancement (Dubljevic et al., 2014). 
Giving sound ethical analysis for the use of tDCS to enhance human abilities requires 
reliable facts, and practical advice on how this technique will be applied in the real world. 
At the moment, we do not have these reliable facts on efficacy of tDCS, and limited 
evidence for the safety of long-term use (Iyer et al., 2005; Poreisz et al., 2007). It is 
necessary to address whether tDCS is good for all individuals, regardless of their sleep 
quality, diurnal preferences, nutrition status, fitness, health status, amongst other 
variables. In this context, this thesis has sort to address aspects of the efficacy of tDCS 
in real-world settings by investigating the effect of individual differences in sleep, such 
as sleep quality and diurnal preference. There are other cognitive enhancers already out 
there, and more will be developed over the years, meaning it is too late to discontinue the 
use of cognitive enhancers (Diekelmann, 2014). In the case of tDCS, its effectiveness 
should make a substantial contribution to any ethical analysis. Sleep may have an 
influence on the efficacy of tDCS both as a neuroenhancer or a therapeutic aid, and could 
potentially impact its safety in the long-term. 
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Figure 7.3 | Areas of application and publication tone of print media articles between 2006 and 
2013 (Dubljevic et al., 2014). 
7.3.2 Implication for the Field of Brain Stimulation 
The findings from this thesis are useful for the purpose of developing an understanding 
of often ignored modulators of tDCS, such as sleep. Studies which are aimed at 
addressing the plethora of other issues pertaining to tDCS methodology and practicality 
are warranted. Some studies are already available that have investigated the effect of 
inter-individual differences on tDCS efficacy; however, most of these have focused on 
biological factors such as brain anatomy and physiological state (Fertonani & Miniussi, 
2016). Other studies have focused on the effect of stimulation parameters such as 
electrode positioning, current intensity, duration and frequency of stimulation (Li et al., 
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2015; Nitsche et al., 2005; Scheldrup et al., 2014). Although these studies provide useful 
insights into the fundamental questions of what stimulation parameters will yield the best 
outcomes, there is a need to have a broader view of a number of potential modulators of 
tDCS such as age, gender, genetics, stress, fitness, nutrition status, and of course sleep. 
If this comprehensive data is available to us, it will enable us to identify groups of people 
likely to benefit from learning and memory enhancement effect of tDCS, and those who 
are unlikely to see any benefit. In this way, clinical intervention can be more targeted and 
personalised.  
The success of any novel therapeutic intervention is often proportional to the abundance 
and comprehensiveness of knowledge available to the researchers, clinicians and stake 
holders. tDCS has huge potentials, and in future may replace surgical and 
pharmacological interventions, provided the dramatic growth in the knowledge of its 
application in various modalities can be accompanied by comprehensive understanding 
of best practice for these techniques.  
7.4 Limitations of Thesis Research 
7.4.1 Subjective Assessments 
This thesis reports sleep characteristics using self-report questionnaires (PSQI and 
MEQ), except in Study 1 which collected objective sleep data using Actiwatches. Sleep 
questionnaires offer a cost-effective means to obtain extensive information on sleep 
quality and sleep pattern of individuals. In this thesis, sleep questionnaires with very high 
ecological validity allowed for the categorisation of sleep quality and chronotypes. 
However, subjective assessments are prone to bias due to wrong interpretation of 
questions, and it is difficult to determine how truthful responses are or how much thought 
was put into each response. The PSQI data from Study 1 did not correlate with objective 
Actiwatch data from 8 subjects out of 26, suggesting that these measures are somewhat 
reliable at evaluating the same concept. However, a previous study that collected data 
from 187 participants did not find a correlation between PSQI scores and 
clinical/polysomnographic measures (Buysse et al., 2008). This may be due to the 
inability of questionnaires such as PSQI to detect minute sleep abnormalities that are of 
clinical significance. Similarly, there are issues with the MEQ, such as inconsistent 
output for different age groups, inappropriate cut-off points for different populations and 
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the length of the questionnaire itself (Levandovski, Sasso, & Hidalgo, 2013), which has 
led to the development of a reduced version known as rMEQ with just 5 questions (Adan 
& Almirall, 1991). Some authors have also recommended the use of Munich Chronotype 
Questionnaire (MCTQ), which takes into account individual’s sleep times on both work 
days and free days (Allebrandt & Roenneberg, 2008; Juda et al., 2013), but this 
questionnaire also has limitations of not accounting for acquired sleep debts and people 
who use alarms on free days (Levandovski et al., 2013).  
Along with the objective measures from Actiwatches and polysomnography, there is now 
the possibility of assessing the presence of certain gene polymorphisms and their 
influence on sleep and circadian rhythm. Genes have been shown to contribute to 
interindividual differences in multiple aspects of sleep and wakefulness (Archer et al., 
2003; Bae et al., 2001; Parsons et al., 2014; Tucker et al., 2007; Viola et al., 2007). This 
include CLOCK and period (PER) genes (PER 1, PER 2, PER 3). Notably, 
polymorphisms in PER 3 are suggested to influence morningness or eveningness 
inclination (Bae et al., 2001). Genetic analysis of polymorphisms in PER 3 gene were 
not accessed in this thesis. Although the subjective measures here seem to be reliable, 
they are not necessarily correlated with objective sleep measurements. For this reason, 
the assessments in this thesis should be taken as perceived sleep, and not assumed to 
correlate with objective assessments. 
7.4.2 Lack of Follow-Up Between Study Sessions 
Although participants were instructed to maintain normal sleep, activity and food intake 
in-between study sessions, it is difficult to determine if participants complied with these 
instructions. Walker et al. (2002) has reported that subject activities in-between learning 
and testing may affect performance (Walker, Brakefield, Morgan, Hobson, & Stickgold, 
2002). For instance, daily caffeine and alcohol use, as well as the amount of exercise was 
not tracked during study session intervals, which lasted for up to a week. This information 
could have been useful to inform the interpretation of participant performance during the 
study sessions.
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7.4.3 Experimental Design and Sample 
Other concerns already highlighted in section 7.2.2 include the homogenous samples 
used in the studies which may mean data might not be a true representation of the general 
population. In addition, the experimental (laboratory) sessions of the studies were 
conducted in a well-controlled TMS/tDCS laboratory. Although, this allows for the 
control of unrelated and independent variables, and makes the experiment replicable 
across all participants, it may lead to unnatural behaviour that does not reflect tDCS-
enhanced learning in natural environment. Furthermore, although the sample size 
selected for the studies presented in this thesis were consistent with the sample size of 
similar studies in the field, there effect sizes were relatively small, this reducing the 
power and generalizability of the findings. Other study specific design and sample 
limitations have been discussed in respective chapter of individual studies.  
7.4.4 Variation in Multiple Sessions of tDCS 
The thesis only explores the effect of sleep during one session of tDCS. Although, results 
are consistent with other studies that have made use of single session to enhance working 
memory (Fregni, Boggio, Nitsche, et al., 2005; Jo et al., 2009; Zaehle et al., 2011), other 
studies have also achieved this using multiple sessions (Reis et al., 2009; Richmond, 
Wolk, Chein, & Olson, 2014). Notably, the enhancement effect of tDCS has been 
sustained for weeks or even months, following repeated stimulation in combination with 
some form of training or practise over several days (Boggio, Nunes, et al., 2007; Dockery 
et al., 2009; Lindenberg et al., 2010). From this thesis, it is unclear what effect sleep 
characteristics will have on multiple tDCS sessions. It is possible that several sessions of 
tDCS will abolish the sleep-effect on tDCS efficacy or augment it, since it is thought that 
long-lasting tDCS-effect on cognition is through enhancement of overnight consolidation 
(Marshall et al., 2011; Reis et al., 2009).    
Taken together, the conclusions drawn from this thesis should be interpreted with 
caution. However, this thesis contributes to the field of brain stimulation through 
empirical evidence from 3 separate, but related studies. It is hoped that this research 
draws more attention to the field of tDCS and sleep, and that future studies will 
accumulate more evidence that may support the findings within this thesis. 
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7.5 Future Studies 
7.5.1 Methodological Improvements To The Current Research 
The limitations of subjective sleep assessments used in this thesis have already been 
addressed in the respective chapters of individual studies presented in this thesis and in 
section 7.4.1 above. Although subjective data provide realistic sleep assessments, future 
studies are required to support these findings by assessing the effect of sleep on tDCS 
using laboratory based-nocturnal sleep polysomnography or a combination of multiple 
clinical and subjective sleep assessments. In addition, future studies should take 
advantage of recently developed mobile EEG systems and circadian ambulatory 
monitoring devices to access sleep habits in a real-world setting outside the laboratory 
environment (De Vos et al., 2014; Debener et al., 2012; Lin et al., 2014). Further 
confirmation of individual sleep characteristics can be carried through genetic analysis 
of clock genes. These genes have been linked to morning or evening preference as well 
as habitual sleep duration and can be found in human peripheral blood mononuclear cells 
(Hida et al., 2009; Kusanagi et al., 2008).  Therefore, blood samples can be collected and 
genetic analysis could be used to access individual sleep characteristics. Although, these 
procedures are complex, expensive and require sophisticated laboratories, they will 
enable us to generate detailed insights on sleep and tDCS. Lastly, other variables such as 
nutrition, participant activities between study sessions, and levels of alertness should be 
closely monitored in future studies that aim at replicating studies reported in this thesis.   
7.5.2 Exploring Other Study Sample Cohorts 
This thesis presents data from healthy participants and has successfully identified 
reasonable trends in the effect of circadian mis-/alignment and prolonged wakefulness 
on tDCS-enhanced learning. As tDCS has been proposed as a suitable intervention for 
treating certain neuropsychiatric disorder symptoms present in depression, 
schizophrenia, Parkinson’s and Alzheimer’s disease (Yong-Ii, Aguid, & Nitsche, 2015), 
comprehensive studies that investigate the effect of sleep on tDCS application in these 
conditions are warranted. Especially because sleep difficulties represent a critical 
symptom in many of these conditions (Baumann et al., 2007; Hermann & Bassetti, 2009; 
Kumar et al., 2002; Veauthier et al., 2011).
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7.5.3 Exploring Other Paradigms and Variables  
tDCS is thought to enhance learning and memory, particularly through overnight 
consolidation (Marshall et al., 2011; Reis et al., 2009). Moreover, the therapeutic benefits 
of tDCS has been sustained for weeks or even month, following repeated stimulation in 
combination with training over several days (Boggio, Nunes, et al., 2007; Dockery et al., 
2009; Lindenberg et al., 2010). Therefore, it will be interesting to access if the magnitude 
of the after-effect of tDCS will be affected by sleep. This would enable us understand if 
sleep will influence the duration of tDCS after-effect. 
The effect of different sleep schedules on tDCS-enhanced learning and memory could 
also be assessed. Available mathematical model which uses the empirical data to predict 
performance from sleep/wake history suggests that performance is a function of total 
sleep-time in a 24-hr period. This is true regardless of whether the sleep is continuous or 
split within this time frame (Akerstedt, 1998; Belenky, Hursh, & Fitzpatrick, 2008). 
Daytime napping is a good way to supplement for nocturnal sleep loss and it has been 
shown to improve performance (Akerstedt, 1998; Mednick et al., 2002; Walker et al., 
2003). Therefore, a different approach to investigate the modulatory effect of sleep on 
tDCS-enhanced learning may use a napping protocol.  
Another variable, closely related to sleep, which affects performance worth exploring 
with tDCS is fatigue (McIntire et al., 2014). Establishing a causal relationship between 
cognitive performance deficit and fatigue or sleepiness is often challenging as both 
fatigue and sleep can be present at the same time. Fatigue may occur as a result of 
extended wakefulness and this may lead to cognitive performance deficit (Kryger et al., 
2011). In the sleep context, fatigue results from the interaction of sleep-homeostatic drive 
for sleepiness which may result in period of inattentiveness leading to human error 
(Kryger et al., 2011). As the brain state of a fatigued person differs from someone who 
is not fatigued (Harrington, 2012), the influence of tDCS on cognitive capabilities in both 
scenarios may differ and this is worth investigating.  
Lastly, the portability of tDCS gives us the opportunity to carry out field studies with it 
outside the laboratory. Very few tDCS field studies exists, and the majority of these 
studies use computer simulations, for example during pilot training simulation (Choe et 
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al., 2016), concealed military weapon training task (Clark et al., 2012) and driving 
simulation (Beeli, Koeneke, Gasser, & Jancke, 2008; Sakai, Uchiyama, Tanaka, 
Sugawara, & Sadato, 2014). In contrast, there is vast amount of field literature on sleep 
and performance, assessing different real-world cognitive tasks using a variety of 
methods. These include studies in health professionals, automobile drivers (such as 
trucks, trains & cars), police officers, military field training and shift workers (Jeon et 
al., 2014; Kageyama et al., 2011; Karhula et al., 2013; Ramey et al., 2012; Reyner & 
Horne, 1998). Although computer simulated tDCS studies are more practical, they cannot 
perfectly mimic real-world scenarios. For example, police/military personnel, drivers, or 
pilots who are required to constantly make fast decisions under potentially life-
threatening conditions with large cognitive load (Sehm & Ragert, 2013). We do not know 
how tDCS affects human behaviour in such complex real-life situations. For this reason, 
more tDCS field studies are warranted to support findings from laboratory studies. These 
may reveal trends not usually found in the laboratory, and data from such studies will 
provide a broader understanding on the issues of potential modulators of tDCS, helping 
to develop gold standards for tDCS application in the real-world.
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7.6 Final Conclusion 
This thesis has contributed to the field of brain stimulation by providing empirical 
evidence of the modulation of tDCS-effect by sleep. The conceptual framework for this 
thesis was based on evidence that sleep and tDCS modulate learning and memory through 
similar mechanisms. The major findings highlight that sleep is an important variable that 
influences tDCS efficacy via circadian-misalignment or prolonged wakefulness. In 
particular, results suggest that tDCS has no significant effect in circadian aligned and 
sleep conditions, but has the ability to re-establish normal performance in circadian 
misaligned or wake conditions. Therefore, these results support the idea that tDCS and 
sleep have similar mechanisms, sleep may be responsible for variabilities in tDCS 
studies, and tDCS can compensate for poor performance associated with circadian 
misalignment and prolonged wakefulness. For the scientific community, especially 
researchers using tDCS, this highlights the need to better appreciate sleep as a variable 
in non-invasive brain stimulation experiments. For clinicians already using tDCS, 
findings from this thesis indicate that inter-individual differences, such as sleep, should 
be considered in order to develop suitable standards when applying tDCS and make 
decision about which patients tDCS will be of benefit to with regard to sleep. Ultimately, 
the message from this thesis highlights the need to develop more personalised medicine, 
taking into account often ignored variables, such as sleep, when applying tDCS. This will 
help advance the transferability and validity both within academia and as a therapeutic 
intervention. 
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Participant Information Sheet  
Version 1.4 23/04/2015 
 
STUDY TITLE: Transcranial Direct Current Stimulation-Enhanced Learning in Good 
Sleepers and Bad Sleepers 
Introduction 
I am James Ebajemito, a PhD student at the Faculty of Arts and Human Sciences, 
Department of Psychology. This research project is supervised by Professor Annette 
Sterr, the head of the Brain and Behaviour Research Group. I am investigating the effect 
of good sleep and bad sleep on the efficacy of transcranial direct current stimulation 
(tDCS)-enhanced learning. 
We would like to invite you to take part in this research project. Before you decide you 
need to understand why the research is being done and what it will involve for you. Please 
take the time to read the following information carefully. You can also talk to others 
about the study if you wish. 
What is the purpose of the study? 
tDCS is a user-friendly, safe, non-invasive brain stimulation technique which has been 
well documented to enhanced learning and memory abilities. A number of inter-
individual differences may potentially modulate the efficacy of tDCS; for example, 
differences in sleep habits. This study seeks to investigate the effect of sleep on tDCS-
enhanced learning.  We will collect information on sleep quality and quantity prior to the 
study in other to categorise you as either a good sleeper or a bad sleeper. This data will 
then be used to test the modulatory effect of sleep on tDCS-enhanced learning. 
Understanding the influence of sleep on tDCS efficacy will enable us to design suitable 
tDCS intervention protocols that take individual sleep quality and quantity into 
consideration. 
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Why have I been invited to take part in the study? 
We are looking for healthy volunteers aged between 18-30 years. You can be a student – 
undergraduate or postgraduate or a member of staff at the University of Surrey.  For you 
to take part in this study, you have to be right handed, have no implanted pace-maker or 
any bio-electric devices, non-smoker, free of contraindication medications and willing to 
give oral and written consent.  
Do I have to take part? 
There will be no adverse consequences if you decide not to participate. You can withdraw 
at any time without giving a reason and once you do, your data will be destroyed or 
deleted. 
What will my involvement require? 
You will be asked to attend an induction session where the study will be explained in 
detail. You will have already received the participant information sheet so that you could 
read it before attending. If you are still happy to participate, you will be asked to complete 
a consent form and some questionnaires that will enable us to access your medical and 
sleep history. You will then be given an Actiwatch for 1 week prior to the study to 
monitor your sleep pattern. The information from the sleep questionnaire and Actiwatch 
will be used to categorise you either a good sleeper or a bad sleeper. Intermediate sleepers 
will be excluded from the study because we are looking for defined group of people, that 
is, good sleepers or bad sleepers. If you fall into either of these groups, you will be asked 
to attend the study session which will be held in 37AC04, Department of Psychology 
Building. The first study will take place anytime between 09:00 am and 12:00 pm and it 
will last for approximately 1 hour to allow enough time for setting up and carrying out 
the actual experiment. During the study session, two large sponge electrodes soaked in 
saline water will then be mounted to your head just above the brain sites in which we are 
interested in this study. There is no need for hair removal. The electrodes will be fixed 
by adjustable rubber bands. During stimulation a very weak direct current will be 
delivered by a battery driven stimulator. Depending on whether a certain brain region is 
stimulated by the plus or the minus pole, activity of this brain area can be increased or 
decreased. Stimulation will last up to 20 min. This will result in an increase or decrease 
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of brain activity up to about one hour. During the stimulation, you will take a behavioural 
task known as the word-list learning task in other to access the effect of tDCS on learning. 
The second session will take place 1 week after the first and participant must maintain 
the same sleep pattern as the first session. Changes in sleep pattern may lead to 
discontinued eligibility.  
What are the possible disadvantages or risks of taking part? 
There are no known serious risks associated with tDCS, but you may feel very mild local 
discomfort at the electrode site which lasts seconds to minutes. However, if participant 
fail to declare pre-existing health condition such as epilepsy and contraindication drugs 
or electrical implant, there may be risk of seizure.  
What are the possible benefits of taking part? 
There will be no direct benefit obtained from this study apart from the lab token or 
Starbucks token you will earn for participating. Discontinued eligibility or withdrawal 
from study may lead to a reduction in reward. We also hope that your participation could 
assist us in future research and lead to some interesting data that can be investigated in 
future. 
What happens when the research study stops? 
Upon completion of this study, you do not have to do anything or attend any follow up 
sessions. Data obtained from this study will be submitted to scientific journals, presented 
at scientific conferences, written up as part of a PhD thesis and made available to the 
public. Data from this study will be stored for a minimum of 10 years according to the 
University Policy. However, your information will be anonymous.  
What if there is a problem? 
Any complaint or concern about any aspect of the way you have been dealt with during 
the course of the study will be addressed; please contact Professor Annette Sterr, Tel: 
01483 68 2883, Email: a.sterr@surrey.ac.uk or Professor Jane Ogden 
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j.ogden@surrey.ac.uk, Tel: 01483 68 6929 or James Ebajemito, Tel: 01483682889, 
Email: j.ebajemito@surrey.ac.uk  
Will my taking part in the study be kept confidential? 
The information collected will be stored anonymously at the University of Surrey for a 
minimum of 10 years according to the University policy.  This may be inspected by 
regulatory authorities to check that the study is being carried out correctly.  Your name, 
however, will not be disclosed outside of the research team.  Records held will be 
identified only by code numbers and kept strictly anonymous.  All personal data used 
will be within the terms of the Data Protection Act 1998. 
Principal Investigator and Supervisor: 
Professor Annette Sterr 
Room 02AC04 
Department of Psychology, 
Faculty of Arts and Human Sciences,  
University of Surrey, Guildford  
Email:  a.sterr@surrey.ac.uk 
Tel:   01483 68 2883 
 
Co-Investigator: 
James Ebajemito 
Room 03AC04 
Department of Psychology, 
Faculty of Arts and Human Sciences,  
University of Surrey, Guildford  
Email: j.ebajemito@surrey.ac.uk 
Tel: 01483682889 
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Who is organising and funding the research? 
This is a self-funded PhD research project 
Who has reviewed the project? 
The study has been reviewed and received a Favourable Ethical Opinion (FEO) from 
the University of Surrey Ethics Committee. 
 
Thank you for taking the time to read this Information Sheet.
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 APPENDIX A2 
 
Consent Form 
Version 1.4; 23/04/2015 
 
 I the undersigned voluntarily agree to take part in the study on transcranial direct 
current enhanced-learning in good sleepers and bad sleepers.                                          
 
 I have read and understood the Information Sheet provided (version 1.3 14/04/2015). I 
have been given a full explanation by the investigators of the nature, purpose, location 
and likely duration of the study, and of what I will be expected to do. I have been given 
the opportunity to ask questions on all aspects of the study and have understood the 
advice and information given as a result.                                                                                                             
 
 I agree to comply with any instruction given to me during the study and to co-operate 
fully with the investigators. I shall inform them immediately if I suffer any deterioration 
of any kind in my health or well-being, or experience any unexpected or unusual 
symptoms.                                                                                                   
 
 I consent to my personal data, as outlined in the accompanying information sheet, being 
used for this study. I understand that all personal data relating to volunteers is held and 
processed in the strictest confidence, and in accordance with the Data Protection Act 
(1998). 
 
 I understand that I am free to withdraw from the study at any time without needing to justify 
my decision and without prejudice. My data will be destroyed upon withdrawal from 
study. 
 
 I acknowledge that in consideration for completing the study I shall receive a lab token or 
Starbucks token for participating in this study. 
 
 I understand that in the event of my suffering a significant and enduring injury (including 
illness or disease) as a direct result of my participation in the study, compensation will 
be paid to me by the University, subject to certain provisos and limitations. The amount 
of compensation will be appropriate to the nature, severity and persistence of the injury 
and will, in general terms, be consistent with the amount of damages commonly awarded 
for similar injury by an English court in cases where the liability has been admitted 
 
 I confirm that I have read and understood the above and freely consent to participating in 
this study. I have been given adequate time to consider my participation and agree to 
comply with the instructions and restrictions of the study. 
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    Name of Volunteer………………...Signed................................................. 
 
   Date......................................................  
 
   Name of researcher/person taking consent…….............................................. 
  
   Signed....................................................Date……………………………………..
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APPENDIX A3 
 
Participant Information Sheet 
Version 1.2, 26/1/2016  
 
STUDY TITLE: The Effect of Time of the Day on Transcranial-Direct Current 
Stimulation Enhanced Learning 
 
Introduction 
I am James Ebajemito, a PhD student at the Faculty of Health and Medical Sciences, 
Department of Psychology. This research project is supervised by Professor Annette 
Sterr, the head of the Brain and Behaviour Research Group. I am investigating the effect 
of time of the day on transcranial direct current stimulation (tDCS)-enhanced learning in 
order to determine the optimum time of the day for tDCS application, based on 
individuals sleep pattern. 
We would like to invite you to take part in this research project because you have a unique 
diurnal preference, that is, you are either a morning type or an evening type. Before you 
decide you need to understand why the research is being done and what it will involve 
for you. Please take the time to read the following information carefully. You can also 
talk to others about the study if you wish. 
What is the purpose of the study? 
tDCS is a user-friendly, safe, non-invasive brain stimulation technique which has been 
well documented to enhanced learning and memory abilities. A number of inter-
individual differences may potentially modulate the efficacy of tDCS; for example, 
differences in sleep quality and diurnal preferences. This study seeks to investigate the 
effect of diurnal preference on tDCS-enhanced learning.  We will collect information on 
your diurnal preference prior to the study in order to categorise you as either a morning-
type or an evening-type. This data will then be used to test the modulatory effect of sleep 
on tDCS-enhanced learning. Understanding the influence of chronotype on tDCS 
efficacy will enable us to design suitable tDCS intervention protocols that take individual 
chronotype and access the best time of the day to apply tDCS. 
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Why have I been invited to take part in the study? 
We are looking for healthy volunteers aged between 18-30 years. You can be a student – 
undergraduate or postgraduate student at the University of Surrey.  For you to take part 
in this study, you have to be right handed, non-smoker, have no disqualifying medical 
history and willing to give oral and written consent.  
Do I have to take part? 
There will be no adverse consequences if you decide not to participate. You can withdraw 
at any time without giving a reason and once you withdraw your data will be destroyed 
or deleted. 
What will my involvement require? 
Having read this Participant Information Sheet and if you are happy to proceed, you will 
be asked to complete a consent and screening form before the first study session in order 
to assess your eligibility to take part in tDCS experiment and some questionnaires to 
categorise you as a morning or an evening-type. Intermediate sleepers will be excluded 
from the study, because we are looking for defined group of people, that is, extreme 
morning or evening chronotypes. If you fall into either of these groups, you will be asked 
to attend four sessions, each one week apart, all hed at 37AC04, School of Psychology 
Building. Data from excluded participants will be destroyed or deleted. 
Each study session will take place between 07:00 am and 09;00 am (morning session) or 
between 06:00 om and 08:00 pm (evening session), and it will last between 30-45 min. 
There will be four session in total, each a week apart - two evening sessions and two 
morning sessions. During the study session, two large sponge electrodes soaked in saline 
water will then be mounted to your head above the brain site of interest. The electrodes 
will be fixed by adjustable rubber bands and there is no need for hair removal. During 
stimulation, a very weak direct current will be delivered by a battery driven stimulator. 
Depending on whether a certain brain region is stimulated by the plus or the minus pole, 
activity of this brain area can be increased or decreased. Stimulation will last up to 20 
min. This will result in an increase or decrease of brain activity for up to about one hour. 
During the stimulation, you will take a behavioural task known as the word-list learning 
task in order to access the effect of tDCS on learning. The subsequent sessions will take 
place 1 week after the first. 
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What are the possible disadvantages or risks of taking part? 
There are no known serious risks associated with tDCS, but you may feel very mild local 
discomfort at the electrode site which lasts seconds to minutes. However, if participant 
fail to declare pre-existing health condition such as epilepsy and contraindication drugs 
or electrical implant, there may be risk of seizure.  
What are the possible benefits of taking part? 
There will be no direct benefit obtained from this study. You will be reimbursed with 4 
lab tokens or Starbucks token worth £10 for participating in this study, and this will be 
presented at the end of the study (session 4). Discontinued eligibility or withdrawal from 
study may lead to a reduction in reward. We also hope that your participation could assist 
us in future research and generate new research ideas in the future. 
What happens when the research study stops? 
Upon completion of this study, you do not have to do anything or attend any follow up 
sessions. Data obtained from this study will be submitted to scientific journals, presented 
at scientific conferences, written up as part of a PhD thesis and made available to the 
public. You can withdraw your data before it has been published. Data from this study 
will be stored for a minimum of 10 years according to the University Policy. However, 
your information will be anonymous.  
What if there is a problem? 
Any complaint or concern about any aspect of the way you have been dealt with during 
the course of the study will be addressed; please contact James Ebajemito, Tel: 
01483682889, Email: j.ebajemito@surrey.ac.uk, or Professor Annette Sterr, Tel: 01483 
68 2883, Email: a.sterr@surrey.ac.uk or Professor Jane Ogden j.ogden@surrey.ac.uk, 
Tel: 01483 68 6929  
Will my taking part in the study be kept confidential? 
The information collected will be stored securely at the University of Surrey for a 
minimum of 10 years according to the University policy. This may be inspected by 
regulatory authorities to check that the study is being carried out correctly.  Your name, 
however, will not be disclosed outside of the research team. Records held will be 
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identified only by code numbers and kept strictly anonymous.  All personal data used 
will be handled in accordance with the Data Protection Act 1998. 
Principal Investigator: 
James Ebajemito 
Room 03AC04 
Faculty of Health and Medical Sciences,  
School of Psychology, 
University of Surrey, Guildford  
Email: j.ebajemito@surrey.ac.uk 
Tel: 01483682889 
 
Supervisor: 
Professor Annette Sterr 
Room 02AC04 
Faculty of Health and Medical Sciences,  
School of Psychology,University of Surrey, Guildford  
Email:  a.sterr@surrey.ac.uk 
Tel:   01483 68 2883 
Who is organising and funding the research? 
This is a self-funded PhD research project 
Who has reviewed the project? 
The study has been reviewed and received a Favourable Ethical Opinion (FEO) from 
the University of Surrey Ethics Committee. 
 
Thank you for taking the time to read this Information Sheet.
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APPENDIX A4 
5.1 Consent Form 
Version 1.2; 26/1/2016 
 I the undersigned voluntarily agree to take part in the study on the effect of time of the 
day on transcranial direct current enhanced-learning.                                         
 I have read and understood the Information Sheet provided (version 1.2 26/1/2016). I 
have been given a full explanation by the investigators of the nature, purpose, location 
and likely duration of the study, and of what I will be expected to do. I have been given 
the opportunity to ask questions on all aspects of the study and have understood the 
advice and information given as a result.                                                                                                             
 I agree to comply with any instruction given to me during the study and to co-operate 
fully with the investigators. I shall inform them immediately if I suffer any deterioration 
of any kind in my health or well-being, or experience any unexpected or unusual 
symptoms.                                                                                                   
 I consent to my personal data, as outlined in the accompanying information sheet, being 
used for this study. I understand that all personal data relating to volunteers is held and 
processed in the strictest confidence, and in accordance with the Data Protection Act 
(1998). 
 I understand that I am free to withdraw from the study before conclusion of the final 
session. My data will be destroyed upon withdrawal from study and I can withdraw my 
data before it is published.  
 I acknowledge that in consideration for completing the study I shall receive a 4 lab tokens 
or Starbucks voucher (£10) at the end of the study (session 4), and the amount may be 
affected by withdrawal from the study. 
 I understand that in accordance with the English law, insurance is in place which covers 
harm that is likely to result from my participation in this study as detailed in the 
participant information sheet. 
 I confirm that I have read and understood the above and freely consent to participating in 
this study. I have been given adequate time to consider my participation and agree to 
comply with the instructions and restrictions of the study. 
 
Name of volunteer......................................................Signed....................................  
                   Date......................................................  
Name of researcher/person taking consent…….........Signed……………………… 
                   Date………………………………….             
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APPENDIX A5 
 Participant Information Sheet 
Version 1.2 16/01/2017 
STUDY TITLE: The Modulatory Effect of Sleep on tDCS-Enhanced Delayed 
Recall 
Introduction 
I am James Ebajemito, a PhD student at the Faculty of Health and Medical Sciences, 
School of Psychology. This research project is supervised by Professor Annette Sterr, the 
head of the Brain and Behaviour Research Group. I am investigating the effect of sleep 
on transcranial direct current stimulation (tDCS) compared to wake. 
We would like to invite you to take part in a research project. Before you decide you need 
to understand why the research is being done and what it will involve for you. Please take 
the time to read the following information carefully and ask questions about anything 
you do not understand. Talk to others about the study if you wish. 
What is the purpose of the study? 
Sleep is important for learning and memory, and poor sleep has been linked to poor 
performance. tDCS is a user-friendly, safe, non-invasive technique of stimulating the 
brain which has been well documented to boost learning and memory abilities. 
Interestingly, tDCS and sleep enhance learning and memory using similar mechanism. 
However, it is not known whether tDCS can help compensate for poor performance as a 
result of prolonged wakefulness or lack of sleep. This study seeks to investigate the effect 
of tDCS on learning and memory over sleep and wake. Understanding the effect of tDCS 
on performance in sleep-deprived individuals will enable us to design suitable 
intervention for people that have difficulty in learning and memory as a result of poor 
sleep quality.  
Why have I been invited to take part in the study? 
We are looking for 20 healthy volunteers aged between 18-45 years. You can be a student 
– undergraduate or postgraduate, or staff at the University of Surrey. For you to take part 
in this study, you have to be right handed, have no implanted pace-maker or any bio-
electric devices, have a good sleep quality with intermediate diurnal preference (that is, 
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not a morning person or an evening person), agree to refrained from alcohol, caffeine and 
heavy exercise 24 hours before the study and willing to give oral and written consent.  
Do I have to take part? 
No, you do not have to participate. There will be no adverse consequences in terms of 
your legal rights and your education, that is, there will be no impact on your assessment, 
if you decide not to participate or withdraw at a later stage. You can withdraw your 
participation at any time before the last study session without giving a reason and without 
prejudice, and all your identifiable and anonymised data already collected will be 
destroyed. No further data would be collected or any other research procedures would be 
carried out on or in relation to you.  
What will my involvement require? 
After reading this Participant Information Sheet and if you are happy to proceed, you will 
be sent a tDCS screening form and sleep questionnaire to assess your eligibility to take 
part in this study. Screening data will only be used for screening purposes only. If you 
have a poor sleep quality or have an extreme diurnal preference (morning-type or 
evening-type), you will not be able to continue with the study, and data from excluded 
participants will be destroyed or deleted. However, if eligible, you will be invited for the 
first study session where you will be asked complete a consent form before proceeding 
with the study. The study is made up of four sessions, each one week apart, all held at 
37AC04, School of Psychology Building. Each study session will take place between 
07:00 am and 09:00 am (morning session) or between 06:00 pm and 08:00 pm (evening 
session), and it will last between 30-45 min. Each session is either learning task or a recall 
task. In the learning session, you will be required to learn some word-pairs. During the 
subsequent recall session, you will be asked to recall the second half of the word pairs 
you previously learnt. During both sessions, two large sponge electrodes soaked in saline 
water will be mounted to your head above the brain site of interest. The electrodes will 
be fixed by adjustable rubber bands and there is no need for hair removal. During 
stimulation, a very weak direct current (1 mA) will be delivered by a battery driven 
stimulator. Depending on whether a certain brain region is stimulated by the plus or the 
minus pole, activity of this brain area can be increased or decreased. Stimulation will last 
up to 10 minute during the learning session and 20 minutes during the recall session. You 
will be given an Actiwatch which will be worn on your non-dominant hand to monitor 
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your activity during the interval between learning and recall. Upon completing the study, 
you will receive compensation of Starbucks voucher worth £10 or 4 lab tokens 
(psychology students only) for your time and inconvenience. 
What are the possible disadvantages or risks of taking part? 
There are no known risks of (percutaneous) transcranial DC stimulation of the brain, 
other than some mild side effects such as: tingling, itching sensation at electrode sites 
and possible skin irritation/redness may occur under the electrodes and mild headache. 
The standard procedures and parameters used make these side effects unlikely, but they 
should be reported if felt.  
What are the possible benefits of taking part? 
There are no benefits of the tDCS procedure for the participant. We hope that the 
information we get from this study may help us understand the effect of sleep on tDCS-
enhanced delayed recall.  
What happens when the research study stops? 
Upon completion of this study, you do not have to do anything or attend any follow up 
sessions. Results obtained from this study will be submitted to scientific journals, 
presented at scientific conferences, written up as part of a PhD thesis and made available 
to the public. Data from this study will be stored for a minimum of 10 years according to 
the University Policy. However, your information will be anonymous.  
What if there is a problem? 
Any complaint or concern about any aspect of the way you have been dealt with during 
the course of the study will be addressed; please contact Professor Annette Sterr, Tel: 
01483 68 2883, Email: a.sterr@surrey.ac.uk or Professor Jane Ogden 
j.ogden@surrey.ac.uk, Tel: 01483 68 6929 or James Ebajemito, Tel: 01483682889, 
Email: j.ebajemito@surrey.ac.uk  
Will my taking part in the study be kept confidential? 
The information collected will be stored anonymously at the University of Surrey for a 
minimum of 10 years according to the University policy.  This may be inspected by 
regulatory authorities to check that the study is being carried out correctly.  Your name, 
however, will not be disclosed outside of the research team.  Records held will be 
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identified only by code numbers and kept strictly anonymous.  All personal data used 
will be within the terms of the Data Protection Act 1998. 
Principal Investigator and Supervisor: 
Professor Annette Sterr 
Room 02AC04 
Department of Psychology, 
Faculty of Health and Medical Sciences,  
University of Surrey, Guildford  
Email:  a.sterr@surrey.ac.uk 
Tel:   01483 68 2883 
 
Co-Investigator: 
James Ebajemito 
Room 03AC04 
Department of Psychology, 
Faculty of Health and Medical Sciences,  
University of Surrey, Guildford  
Email: j.ebajemito@surrey.ac.uk 
Tel: 01483682889 
 
Who is organising and funding the research? 
This is a self-funded PhD research project 
 
Who has reviewed the project? 
The study has been reviewed and received a Favourable Ethical Opinion (FEO) from the 
University of Surrey Ethics Committee. 
 
Thank you for taking the time to read this Information Sheet.
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APPENDIX A6 
Consent Form 
The Modulatory Effect of Sleep on tDCS-Enhanced Delayed Recall 
 
 I have read and understood the Information Sheet provided (version 1, date 01/10/16).  
I have been given a full explanation by the investigators of the nature, purpose, 
location and likely duration of the study, and of what I will be expected to do.   
 I have been given the opportunity to ask questions on all aspects of the study and have 
understood the advice and information given as a result.                                                                                                             
 I agree to comply with the requirements of the study as outlined to me to the best of my 
abilities. I shall inform the investigators immediately if I have any concerns, suffer 
any deterioration of any kind in my health or well-being, or experience any unexpected 
or unusual symptoms. 
 I understand that all project data will be held for at least 6 years and all research data for 
at least 10 years in accordance with University policy and that my personal data is 
held and processed in the strictest confidence, and in accordance with the UK Data 
Protection Act (1998). 
 I understand that I am free to withdraw from the study at any time without needing to 
justify my decision, without prejudice and without my legal rights and studies being 
affected.  
 I understand that I can request for my data to be withdrawn before the last study session 
and that following my request all data already collected from me will be destroyed.  
 I acknowledge that in consideration for completing the study I shall receive 
compensation of Starbucks voucher worth £10 or 4 lab tokens (psychology students 
only) for my time and inconvenience, and I recognise that the sum would be less, at 
the discretion of the Principal Investigator, if I withdraw before completion of the 
study.                                                                                                
 I confirm that I have read and understood the above and freely consent to participating 
in this study.  I have been given adequate time to consider my participation. 
 
Name of participant     ...................................................... 
(BLOCK CAPITALS)      
Signed      ...................................................... 
Date      ...................................................... 
Name of researcher taking consent  …….............................................. 
(BLOCK CAPITALS)   
Signed       .................................................... 
    Date                                                               …………………………………
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APPENDIX B: Supplementary Materials 
Screening Forms 
General pre-screening form (Demographics) 
tDCS screening form 
Contraindication medications 
 
Sleep Assessments 
PSQI 
MEQ 
KSS 
 
Anxiety and Depression Questionnaire 
HADS 
 
Handedness 
EHI  
 
Word-list Learning Task  
Words 
Recall sheet 
 
Paired-Associate Learning Task  
Word-pairs
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APPENDIX B1 
 
General Pre-Screening Form (Demographics)  
 
1. Name      
_________________________________________________________________ 
                      
2. What is your sex? M F 
 
3. What is your age? _________________ 
 
4. Are you a Surrey student or staff member? Y N 
 
5. Are you eligible for lab tokens?  Y N 
 
6. Do you wear glasses or contact lenses to correct your vision? Y N 
 
7. To your knowledge do you have any variety of colour blindness?  Y N 
 
8. To your knowledge do you have any variety of learning disability? Y N 
 
_________________________________________________________________ 
 
9. Are you predominately left or right handed?  L R 
 
10. Is English your first language?  Y N 
 
11. Indicate your language learning and/or linguistic expertise 
 
_________________________________________________________________ 
 
12. Are you taking any medication that may cause drowsiness or affect sleep?  Y    N 
 
13. Do you have a regular night time sleep pattern?  Y N 
 
_________________________________________________________________ 
 
 
 
 
 
Many thanks for completing this questionnaire – the researchers will get back to 
you to advice on eligibility and session schedules.   
Contact j.ebajemito@surrey.ac.uk if you have any questions.
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APPENDIX B2 
Transcranial Direct Current Stimulation (tDCS) Screening Form (Confidential) 
If you agree to take part in this study, please answer the following questions. The 
information you provide is for screening purposes only and will be kept confidential. 
1. Do you have epilepsy, or have you ever had a convulsion or a seizure (fit)? 
2. Does anyone in your immediate or distant family suffer from epilepsy or seizures?  
If YES, please state your relationship to the affected family member: 
_____________________________________________________________ 
3. Have you ever had a fainting spell or syncope?  
If YES, please describe on which occasion(s): 
_____________________________________________________________ 
4. Have you ever had a head trauma that was diagnosed as a concussion, or was associated 
with loss of consciousness?  
(Researcher: If unsure, use ICD-10 criteria for mTBI diagnosis) 
5. Do you have any hearing problems or ringing in your ears? 
6. Do you have cochlear implants? 
7. Are you pregnant, or is there any chance that you might be? 
8. Do you have metal in the brain, skull or elsewhere in your body (e.g. splinters, 
fragments, clips, etc.)? 
If YES, please specify the type of metal: 
_____________________________________________________________ 
9. Do you have an implanted neurostimulator (e.g. DBS, epidural/ subdural, VNS)? 
10. Do you have a cardiac pacemaker or intracardiac lines? 
11. Do you have a medication infusion device? 
12. Are you taking any prescribed or unprescribed medications (or herbal remedies)? 
If YES, please list: 
_____________________________________________________________ 
 
13. Did you ever undergo TMS or TCS (tDCS) in the past? 
If YES, were there any problems (state and describe)? 
_____________________________________________________________ 
When was the last TMS/TCS session? 
_____________________________________________________________ 
How many TMS/TCS sessions have you had in the past month? 
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_____________________________________________________________ 
How many TMS/TCS sessions have you had in the past 12 months?  
_____________________________________________________________ 
14. Did you ever undergo MRI in the past? 
If YES, were there any problems (state and describe)? 
_____________________________________________________________ 
15. Have you ever undergone a neurosurgical procedure (including eye surgery)? 
If YES, please give details: 
_____________________________________________________________ 
16. Are you currently undergoing anti-malarial treatment? 
17. Have you used recreational drugs, or drunk more than 3 units of alcohol, in the last 24 
hours? 
Have you drunk alcohol already today? 
18. Did you have very little sleep last night (for example, an hour less sleep than you would 
normally need)? 
How many hours sleep did you have last night (approx.): 
_____________________________________________________________ 
19. Have you had more than one cup of coffee, or other sources of caffeine, in the last 
hour? 
20. When was your last meal (hours ago)? 
_____________________________________________________________ 
21. How much liquid in total have you drunk already today (glass = 250ml, bottle = 
330ml)? 
_____________________________________________________________ 
22. Do you have any metal/electronics on your body (e.g. jewellery, hair clips, watch, 
glasses with metal, wallets, keys, mobile phone)? 
23. Do you have any skin condition, burn or injury to the scalp or head?  
I confirm that I have personally completed the above questionnaire 
 
Name         Signature  _____Date_____________
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APPENDIX B3 
Contraindicated Medications for Neurostimulation  
 (1) Intake of one or a combination of the following drugs forms a strong potential hazard 
for application of neurostimulation due to their significant seizure threshold lowering 
potential: imipramine, amitriptyline, doxepine, nortriptyline, maprotiline, 
chlorpromazine, clozapine, foscarnet, ganciclovir, ritonavir, amphetamines, cocaine, 
(MDMA, ecstasy), phencyclidine 
(PCP, angel’s dust), ketamine, gamma-hydroxybutyrate (GHB), alcohol, theophylline. In 
these cases neurostimulation should be performed, when required, with particular 
caution. 
 
(2) Intake of one or a combination of the following drugs forms a relative hazard for 
application of neurostimulation due to their significant seizure threshold lowering 
potential: mianserin, fluoxetine, fluvoxamine, paroxetine, sertraline, citalopram, 
reboxetine, venlafaxine,  duloxetine, bupropion, mirtazapine, fluphenazine, pimozide, 
haloperidol, olanzapine, quetiapine, aripiprazole, ziprasidone, risperidone, chloroquine, 
mefloquine, imipenem, penicillin, ampicillin, cephalosporins, metronidazole, isoniazid, 
levofloxacin, cyclosporin, chlorambucil, vincristine, methotrexate, cytosine arabinoside, 
BCNU, lithium, anticholinergics, antihistamines, sympathomimetics. In these cases 
neurostimulation should be performed, when required, with caution. 
 
(3) Withdrawal from one of the following drugs forms a strong relative hazard for 
application of neurostimulation due to the resulting significant seizure threshold lowering 
potential: alcohol, barbiturates, benzodiazepines, meprobamate, chloral hydrate. In 
instances when withdrawal of these medications is clinically or scientifically indicated, 
neurostimulation should be performed, if required, with caution.
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APPENDIX B4 
 
Pittsburgh Sleep Quality Index (PSQI) Questionnaire  
 
Volunteer code:______________________   Date: ______________________ 
 
Instructions: The following questions relate to your usual sleep habits during the past 
month only. Your answers should indicate the most accurate reply for the majority of 
days and nights in the past month. Please answer all the questions. 
 
During the past month, when have you usually gone to bed at night? 
 
 Usual bed time ____________________ 
 
During the past month, how long (in minutes) has it usually take you to fall asleep 
each night? 
 
 Number of minutes ____________________ 
During the past month, when have you usually got up in the morning? 
 
 Usual getting up time ____________________ 
 
During the past month, how many hours of actual sleep did you get at night? (This 
may be different from the number of hours spent in bed.) 
 
 Hours of sleep per night ____________________ 
 
For each of the remaining questions, check the one best response. Please answer all 
questions. 
 
During the past month, how often have you had trouble sleeping because you….. 
 
a) Cannot get to sleep within 30 minutes 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___ 
 
b) Wake up in the middle of the night or early morning 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___ 
 
c) Have to get up to use the bathroom 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___ 
 
d) Cannot breathe comfortably 
Not during the  Less than  Once or twice Three or more  
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past month_____ once a week_____ a week_____ times a week___ 
 
e) Cough or snore loudly 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___ 
 
f) Feel too cold 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___ 
 
g) Feel too hot 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___ 
 
h) Had bad dreams 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___ 
 
i) Have pain 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___ 
 
j) Other reason(s), please describe 
______________________________________________________________________
______________________________________________________________________
______________________________________________________________________
_________ 
 
How often during the past month have you had trouble sleeping because of this? 
 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week__ 
 
 
6) During the past month, how would you rate your sleep quality overall? 
 
 Very good___________ 
   
 Fairly good___________ 
 
 Fairly bad____________ 
 
 Very bad_____________ 
 
7)  During the past month, how often have you taken medicine (prescribed or 
“over the counter”) to help you sleep? 
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Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week__ 
 
8)  During the past month, how often have you had trouble staying awake 
while driving, eating meals, or engaging in social activity? 
 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week__ 
 
 
During the past month, how much of a problem has it been for you to show 
enthusiasm to get things done? 
 
 No problem at all_________ 
 
 Only a very slight problem___________ 
 
 Somewhat of a problem_________ 
 
 A very big problem_________ 
 
 Do you have a bed partner or roommate? 
 
 No bed partner or roommate?________ 
 
 Partner/roommate in other room________ 
 
 Partner in same room, but not same bed_________ 
 
 Partner in same bed_________ 
 
If you have a roommate or bed partner, ask him/her how often in the past month 
you have had)… 
 
a) Loud snoring 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___ 
 
b) Long pauses between breaths while asleep 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___ 
 
c) Legs twitching or jerking while you sleep 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___ 
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d) Episodes of disorientation or confusion during sleep? 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___ 
 
e) Other restlessness while you sleep; please describe 
______________________________________________________________________
______________________________________________________________________
______________________________________________________________________
_________ 
 
Not during the  Less than  Once or twice Three or more  
past month_____ once a week_____ a week_____ times a week___
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PSQI Form Administration Instructions, References, and Scoring 
 
Form Administration Instructions 
 
The range of values for questions 5 through 10 are all 0 to 3. 
 
Questions 1 through 9 are not allowed to be missing except as noted below.  If these 
questions are missing then any scores calculated using missing questions are also 
missing.  Thus it is important to make sure that all questions 1 through 9 have been 
answered.   
 
In the event that a range is given for an answer (for example, ‘30 to 60’ is written as the 
answer to Q2, minutes to fall asleep), split the difference and enter 45. 
 
Scores – reportable in publications 
 
On May 20, 2005, on the instruction of Dr. Daniel J. Buysse, the scoring of the PSQI 
was changed to set the score for Q5J to 0 if either the comment or the value was 
missing.  This may reduce the DISTB score by 1 point and the PSQI Total Score by 1 
point. 
 
PSQIDURAT   DURATION OF SLEEP 
   IF Q4 > 7, THEN set value to 0 
   IF Q4 < 7 and > 6, THEN set value to 1 
   IF Q4 < 6 and > 5, THEN set value to 2 
   IF Q4 < 5, THEN set value to 3 
Minimum Score = 0 (better); Maximum Score = 3 (worse) 
 
PSQIDISTB SLEEP DISTURBANCE 
 IF Q5b + Q5c + Q5d + Q5e + Q5f + Q5g + Q5h + Q5i + Q5j (IF Q5JCOM is null or 
Q5j is null, set the value of Q5j to 0) = 0, THEN set value to 0 
 
IF Q5b + Q5c + Q5d + Q5e + Q5f + Q5g + Q5h + Q5i + Q5j (IF Q5JCOM is null or 
Q5j is null, set the value of Q5j to 0) > 1 and < 9, THEN set value to 1 
 
IF Q5b + Q5c + Q5d + Q5e + Q5f + Q5g + Q5h + Q5i + Q5j (IF Q5JCOM is null or 
Q5j is null, set the value of Q5j to 0) > 9 and < 18, THEN set value to 2 
 
IF Q5b + Q5c + Q5d + Q5e + Q5f + Q5g + Q5h + Q5i + Q5j (IF Q5JCOM is null or 
Q5j is null, set the value of Q5j to 0) > 18, THEN set value to 3 
 
Minimum Score = 0 (better); Maximum Score = 3 (worse) 
 
PSQILATEN   SLEEP LATENCY 
   First, recode Q2 into Q2new thusly: 
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IF Q2 > 0 and < 15, THEN set value of Q2new to 0 
IF Q2 > 15 and < 30, THEN set value of Q2new to 1 
IF Q2 > 30 and < 60, THEN set value of Q2new to 2 
IF Q2 > 60, THEN set value of Q2new to 3 
Next 
   IF Q5a + Q2new = 0, THEN set value to 0 
IF Q5a + Q2new > 1 and < 2, THEN set value to 1 
IF Q5a + Q2new > 3 and < 4, THEN set value to 2 
IF Q5a + Q2new > 5 and < 6, THEN set value to 3 
 
Minimum Score = 0 (better); Maximum Score = 3 (worse) 
 
PSQIDAYDYS   DAY DYSFUNCTION DUE TO SLEEPINESS 
   IF Q8 + Q9 = 0, THEN set value to 0 
   IF Q8 + Q9 > 1 and < 2, THEN set value to 1 
   IF Q8 + Q9 > 3 and < 4, THEN set value to 2 
   IF Q8 + Q9 > 5 and < 6, THEN set value to 3 
Minimum Score = 0 (better); Maximum Score = 3 (worse) 
 
PSQIHSE   SLEEP EFFICIENCY 
  Diffsec = Difference in seconds between day and time of day Q1 and day Q3 
  Diffhour = Absolute value of diffsec / 3600 
              newtib =IF diffhour > 24, then newtib = diffhour – 24 
            IF diffhour < 24, THEN newtib = diffhour 
(NOTE, THE ABOVE JUST CALCULATES THE HOURS BETWEEN GNT (Q1) 
AND GMT (Q3)) 
  tmphse = (Q4 / newtib) * 100 
 
  IF tmphse > 85, THEN set value to 0 
  IF tmphse < 85 and > 75, THEN set value to 1 
  IF tmphse < 75 and > 65, THEN set value to 2 
  IF tmphse < 65, THEN set value to 3 
Minimum Score = 0 (better); Maximum Score = 3 (worse) 
 
PSQISLPQUAL   OVERALL SLEEP QUALITY 
   Q6 
Minimum Score = 0 (better); Maximum Score = 3 (worse) 
 
PSQIMEDS   NEED MEDS TO SLEEP 
   Q7 
Minimum Score = 0 (better); Maximum Score = 3 (worse) 
 
PSQI    TOTAL 
   DURAT + DISTB + LATEN + DAYDYS + HSE + SLPQUAL + 
MEDS 
Minimum Score = 0 (better); Maximum Score = 21 (worse) 
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Interpretation:   TOTAL < 5 associated with good sleep quality 
     TOTAL > 5 associated with poor sleep quality
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APPENDIX B5 
Morningness-Eveningness Questionnaire (MEQ) 
Instructions: 
 Please read each question very carefully before answering. 
 Please answer each question as honestly as possible. 
 Answer ALL questions. 
 Each question should be answered independently of others. Do NOT go back and check 
your answers. 
1. What time would you get up if you were entirely free to plan your day? 
5:00 – 6:30 AM 5 
6:30 – 74:45 AM 4 
7:45 – 9:45 AM 3 
9:45 – 11:00 AM 2 
11:00 AM – 12 NOON 1 
12 NOON – 5:00 AM 0 
 
2. What time would you go to bed if you were entirely free to plan your evening? 
 
8:00 – 9:00 PM 5 
9:00 – 10:15 PM 4 
10:15 PM – 12:30 AM 3 
12:30 – 1:45 AM 2 
1:45 – 3:00 AM 1 
3:00 AM – 8:00 PM 0 
 
3. If there is a specific time at which you have to get up in the morning, to what 
extent do you depend on being woken up by an alarm clock? 
 
Not at all dependent 4 
Slightly dependent  3 
Fairly dependent 2 
Very dependent 1 
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4. How easy do you find it to get up in the morning (when you are not woken up 
unexpectedly)? 
Not at all easy 1 
Not very easy 2 2 
Fairly easy 3 3 
Very easy 4 4 
 
5. How alert do you feel during the first half hour after you wake up in the morning? 
Not at all easy 1 
Not very easy  2 
Fairly easy  3 
Very easy  4 
 
6. How hungry do you feel during the first half-hour after you wake up in the 
morning? 
Not at all hungry  1 
Slightly hungry  2 
Fairly hungry  3 
Very hungry  4 
 
7. During the first half-hour after you wake up in the morning, how tired do you 
feel? 
Very tired  1 
Fairly tired  2 
Fairly refreshed  3 
Very refreshed  4 
 
8. If you have no commitments the next day, what time would you go to bed 
compared to your usual bedtime? 
 
 
Seldom or never later  4 
Less than one hour later  3 
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1-2 hours later  2 
More than two hours later  1 
 
9. You have decided to engage in some physical exercise. A friend suggests that you 
do this for one hour twice a week and the best time for him is between 7:00 – 8:00 
am. Bearing in mind nothing but your own internal “clock”, how do you think you 
would perform? 
 
Would be in good form  4 
Would be in reasonable 
form  
3 
Would find it difficult  2 
Would find it very 
difficult  
1 
 
10. At what time of day do you feel you become tired as a result of need for sleep? 
 
8:00 – 9:00 PM  5 
9:00 – 10:15 PM  4 
10:15 PM – 12:45 AM  3 
12:45 – 2:00 AM  2 
2:00 – 3:00 AM  1 
 
11. You want to be at your peak performance for a test that you know is going to be 
mentally exhausting and will last for two hours. You are entirely free to plan your 
day. Considering only your own internal “clock”, which ONE of the four testing 
times would you choose? 
 
8:00 AM – 10:00 AM  4 
11:00 AM – 1:00 PM  3 
3:00 PM – 5:00 PM  2 
7:00 PM – 9:00 PM  1 
 
 
 
12. If you got into bed at 11:00 PM, how tired would you be? 
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Not at all tired  1 
A little tired  2 
Fairly tired  3 
Very tired  4 
 
13. For some reason you have gone to bed several hours later than usual, but there 
is no need to get up at any particular time the next morning. Which ONE of the 
following are you most likely to do? 
 
Will wake up at usual time, but will NOT fall back 
asleep  
4 
Will wake up at usual time and will doze thereafter  3 
Will wake up at usual time but will fall asleep again  2 
Will NOT wake up until later than usual  1 
 
14. One night you have to remain awake between 4:00 – 6:00 AM in order to carry 
out a night watch. You have no commitments the next day. Which ONE of the 
alternatives will suite you best? 
 
Would NOT go to bed until watch was over  1 
Would take a nap before and sleep after  2 
Would take a good sleep before and nap after  3 
Would sleep only before watch  4 
 
15. You have to do two hours of hard physical work. You are entirely free to plan 
your day and considering only your own internal “clock” which ONE of the 
following time would you choose? 
 
8:00 AM – 10:00 AM  4 
11:00 AM – 1:00 PM  3 
3:00 PM – 5:00 PM  2 
7:00 PM – 9:00 PM  1 
 
16. You have decided to engage in hard physical exercise. A friend suggests that you 
do this for one hour twice a week and the best time for him is between 10:00 – 11:00 
PM. Bearing in mind nothing else but your own internal “clock” how well do you 
think you would perform? 
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Would be in good form  1 
Would be in reasonable form  2 
Would find it difficult  3 
Would find it very difficult  4 
 
17. Suppose that you can choose your own work hours. Assume that you worked a 
FIVE hour day (including breaks) and that your job was interesting and paid by 
results). Which FIVE CONSECUTIVE HOURS would you select? 
 
5 hours starting between 4:00 AM and 8:00 AM  5 
5 hours starting between 8:00 AM and 9:00 AM  4 
5 hours starting between 9:00 AM and 2:00 PM  3 
5 hours starting between 2:00 PM and 5:00 PM  2 
5 hours starting between 5:00 PM and 4:00 AM  1 
 
18. At what time of the day do you think that you reach your “feeling best” peak? 
 
5:00 – 8:00 AM  5 
8:00 – 10:00 AM  4 
10:00 AM – 5:00 PM  3 
5:00 – 10:00 PM  2 
10:00 PM – 5:00 AM  1 
 
19. One hears about “morning” and “evening” types of people. Which ONE of these 
types do you consider yourself to be? 
 
Definitely a “morning” type 6 1 
Rather more a “morning” than an “evening” type 
4 
2 
Rather more an “evening” than a “morning” type 
2 
3 
Definitely an “evening” type 0 4 
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MEQ Administration Instructions and Scoring 
This questionnaire has 19 questions, each with a number of points. First, add up the 
points you circled and enter your total morningness-eveningness score here: 
 
 
 
Scores can range from 16-86. Scores of 41 and below indicate "evening types." Scores 
of 59 and above indicate "morning types." Scores between 42-58 indicate "intermediate 
types." 
 
 
 
Answers may be influenced by an illness, medications, or shift work shedules. If 
subject is not confident about answers to the questionnaire, check whether the MEQ-
score matches the sleep onset and wake-up times listed below: 
 
 
 
If your usual sleep onset is earlier than 9:00 PM (21:00 h) or later than 3:00 AM (03:00 
h), or your wakeup is earlier than 4:00 AM (04:00 h) or later than 11:30 AM (11:30 h), 
you should seek the advice of a light therapy clinician in order to proceed effectively 
with treatment. 
 
 
 
Terman M., &Terman JS. (2005). Light therapy for seasonal and nonseasonal depression: efficacy, 
protocol, safety, and side effects. CNS Spectrums, 2005;10:647-663
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APPENDIX B6 
Karolinska Sleepiness Scale (KSS) 
Volunteer Code: _______________ Date: _________________ 
Using the scale below, please circle the number which corresponds to how sleepy 
you currently feel. 
 
PRE 
 
Very alert 1 
 2 
Alert – normal level 3 
 4 
Neither alert nor sleepy 5 
 6 
Sleepy, but no effort to keep awake 
 
7 
 8 
Very sleepy, great effort to keep awake 
 
9 
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POST 
 
 
Very alert 1 
 2 
Alert – normal level 3 
 4 
Neither alert nor sleepy 5 
 6 
Sleepy, but no effort to keep awake 
 
7 
 8 
Very sleepy, great effort to keep awake 
 
9 
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APPENDIX B7 
 
Hospital Anxiety and Depression Scale (HADS) 
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HADS scoring 
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APPENDIX B8 
 
Edinburgh Handedness Inventory 
 
Please answer the following questions about your handedness using the responses 
listed: 
RR = always right 
R = usually right 
RL = either 
L = usually left 
LL = always left 
************************* 
Participant Code: 
With which hand do you: 
Write_________  Draw_________  Throw_________ 
Cut using scissors_______ Toothbrush________ Cut with knife (without fork) 
______Use a spoon________ Use a broom/spade (upper hand) _______ Strike a 
match? _____Open a box (lid)? _________ 
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APPENDIX B9 
 
Word-List Learning Task Words 
 
List 1 
 
Bicycle Subway Zebra Story Fish 
Umbrella Key Piano Music Nation 
Discretion Boat Rain Battery Finance 
Computer Table Energy Registry Support 
Bottle Workshop France Health Travel 
Pen Horse Link Cutlery Award 
Chopstick Ocean Model Current Ireland 
Banana Bank Instrument Strike Author 
Lamp Paper Education Friend Cheetah 
Truck Photograph restudy Senate Apple 
 
List 2 
 
Office Estate Network Ordeal Gate 
Computer Plasma Mumble Broom Heath 
Flick Sketch Superb Kingdom Oblige 
Oyster Clumsy Detail Jury Request 
Steward August Dodgy Disco Lounge 
Pledge Possess Anchor Fibre Crisp 
Adjust Humour Badge Nugget Amber 
Desert Taught Fringe Spell Apron 
Charge Grease Yoga Entail Bland 
Matron Remote restudy Blouse Boxing 
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Word-List Learning Task Recall Sheet 
Please write down below as many words you can remember from the list of words 
you have just viewed. 
   WORDS CORRECT 
1   
2   
3   
4   
5   
6   
7   
8   
9   
10   
11   
12   
13   
14   
15   
16   
17   
18   
19   
20   
21   
22   
23   
24   
25   
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26   
27   
28   
29   
30   
31   
32   
33   
34   
35   
36   
37   
38   
39   
40   
41   
42   
43   
44   
45   
46   
47   
48   
49   
50   
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APPENDIX B10 
 
Paired-Associated Learning Task Words 
List 1 
Hand-bag Team-mate Well-being Kick-start Empty-
handed 
Eye-lash First-class Life-threatening Roller-coaster Double-
decker 
Milk-Maid Right-wing Upside-down Multi-million Sell-out 
Town centre High-tech Best-selling Fund-raising Fast-forward 
Part-time Decision-
making 
Off-road Deep-fried Well-behaved 
Short-term Break-up Nerve-wracking Open-minded Multiple-
choice 
Back-up Real-life Self-esteem Attorney-
general 
Arm-chair 
Old-fashioned Middle-aged Ding-dong Cutting-edge Back-stroke 
Right-hand Ground-
breaking 
Vice-president Never-ending Bath-room 
Man-made All-round Hard-earned Mind-blowing Book-mark 
List 2 
Hand-bag north-west one-off award-winning cast-iron 
Eye-lash well-known good-looking anti-social Tip-toe 
Milk-Maid semi-final bail-out world-class euro-zone 
Town centre north-east working-class kick-off car-boot 
long-term brand-new Land hip-hop self-defence 
make-up ice-cream last-minute hat-trick Mouth-watering 
year-old play-offs two-bedroom life-changing Arm-chair 
so-called left-hand modern-day rip-off Back-stroke 
full-time team-mates semi-detached large-scale Bath-room 
South-west high-speed home-made Deep-fried Book-mark 
Buffer words are highlighted in grey
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APPENDIX C: Demographics of All Participants 
Study 1 
Demographics  
Study 2 
Demographics 
Study 3 
Demographics  
Participants Sleep Diary 
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APPENDIX C1  
Participants Demographics for Study 1 
                         
Gender: Male (1); Female (2); Sleep Quality: Good (1); Bad (2) 
Chronotype: Morning-type (1); Evening –type (2); Intermediate (3)
ID PSQI 
SleepQty_ 
PSQI 
Sleep_Frag_ 
Index 
SleepQty_ 
Actiwatch Chrono MEQ_Score Gender Age Anxiety Depression Handedness KSS_Pre KSS_Post 
1 5 1 37 1 3 53 2 20 1 1 0.8 5 4 
2 2 1 78 2 3 58 2 22 2 1 1 3 3 
3 5 1 113 2 2 20 1 24 2 2 0.9 4 4 
4 3 1 44 1 3 49 2 20 6 1 1 5 3 
5 3 1 22 1 3 49 2 20 5 1 0.6 3 3 
6 2 1 64 2 3 50 2 19 3 1 0.9 4 6 
7 2 1 23 1 3 48 2 22 7 2 1 5 5 
8 5 1 30 1 2 20 2 20 5 0 1 3 3 
9 4 1 41 1 2 39 2 19 5 1 1 7 4 
10 4 1 35 2 1 62 2 19 11 3 1 2 6 
11 4 1 88 1 2 38 2 30 3 0 1 3 1 
12 5 1 34 1 1 59 1 19 10 1 1 1 1 
13 4 1 23 1 3 51 2 20 9 2 1 3 3 
14 4 1 44 2 3 53 2 20 6 4 1 2 3 
15 8 2 50 2 3 50 1 23 3 6 1 3 3 
16 10 2 56 2 3 51 1 21 5 8 1 3 3 
17 10 2 87 2 3 49 1 28 2 3 1 3 2 
18 9 2 51  3 35 2 19 9 5 0.8 3 3 
19 10 2 46 1 3 50 2 29 10 7 1 5 5 
20 9 2 18 1 1 70 2 18 5 2 1 3 3 
21 10 2 53 2 1 59 2 19 5 2 1 3 6 
22 9 2 86 2 3 48 2 19 9 2 1 3 5 
23 8 2 34 1 2 41 2 22 2 0 1 3 3 
24 10 2 - - 3 50 1 21 5 8 1 3 3 
25 8 2 35 1 1 64 2 20 9 4 0.6 4 4 
26 8 2 34 1 3 48 2 19 2 2 0.8 5 3 
27 8 2 84 2 1 40 2 20 9 9 0.9 8 6 
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APPENDIX C2 
Participants’ Demographics for Study 2 
 
ID Gender Age MEQ_Score KSS_Pre KSS_Post Anxiety Depression Handedness 
1 2 19 34 3 3 12 4 1.0 
2 2 19 23 4 1 6 1 1.0 
3 2 18 36 8 4 9 1 1.0 
4 2 19 30 5 3 5 2 1.0 
5 2 24 40 6 4 5 1 0.8 
6 1 30 38 3 3 2 1 1.0 
7 1 22 30 3 3 3 5 1.0 
8 2 23 38 3 3 7 3 1.0 
9 2 20 41 6 3 10 1 1.0 
10 2 19 41 6 5 12 9 0.9 
13 2 22 30 3 5 4 2 1.0 
14 1 20 39 5 6 4 7 0.4 
15 2 18 41 2 3 9 2 1.0 
16 2 22 42 5 5 9 3 1.0 
17 2 19 42 3 5 10 5 0.7 
Gender: Male (1); Female (2)
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APPENDIX C3 
Participants’ Demographics for Study 3 
 
         Wake_tDCS Sleep_tDCS Wake_Sham Sleep_Sham 
ID Age Gender PSQI MEQ Anxiety Depression Handedness 
Sleep 
Duration 
KSS-
Pre 
KSS-
Post 
KSS-
Pre 
KSS-
Post 
KSS-
Pre 
KSS-
Post 
KSS-
Pre 
KSS-
Post 
1 19 2 4 43 6 5 1 8 2 2 2 2 6 6 4 4 
2 18 2 4 48 7 7 1 10 2 2 3 3 5 5 3 1 
3 20 2 4 56 5 6 1 7 5 1 2 2 4 4 2 2 
4 18 1 3 56 8 0 1 8 3 3 3 1 5 5 2 1 
5 19 2 4 43 16 11 1 8 5 5 3 3 7 5 1 2 
6 20 2 5 42 5 7 1 8 1 1 2 2 5 5 3 3 
7 19 1 5 57 10 2 1 8 2 2 2 2 5 5 3 3 
8 19 2 3 49 17 14 1 10 5 1 2 2 5 2 2 2 
9 19 2 4 50 4 3 1 8 5 5 3 2 5 5 1 1 
10 18 2 2 42 14 9 1 8 1 1 3 3 4 4 2 2 
12 21 1 5 52 2 2 1 10 2 2 2 2 4 4 3 3 
13 21 2 5 46 6 2 1 10 3 3 7 5 7 7 5 4 
14 22 1 3 56 2 0 1 8 3 1 2 2 6 6 2 2 
15 19 2 3 50 2 0 1 9 3 2 2 1 1 1 3 3 
16 20 2 2 58 5 2 1 8 6 1 2 2 5 5 2 1 
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 APPENDIX C4 
 Participants’ Sleep Diary for Study 3  
 
ID 
 Wake_tDCS Wake_Sham Sleep_tDCS Sleep_Sham 
  
 
Bed_Time Wake_Time 
Sleep 
Duration Bed_Time Wake_Time 
Sleep 
Duration Bed_Time Wake_Time 
Sleep 
Duration Bed_Time Wake_Time 
Sleep 
Duration 
1  22:00 07:00 8 23:00 07:00 8 22:00 07:00 8 00:00 08:00 8 
2  23:30 08:30 8.5 23:30 09:30 10 22:00 07:00 7 23:00 07:00 7 
3  22:00 07:30 7.5 22:00 08:00 8 00:00 09:00 7 00:00 09:00 8 
4  23:00 07:00 7 22:00 08:00 10 23:00 08:30 8.5 23:10 08:30 8 
5  22:00 07:00 8 02:00 11:00 8 23:45 08:30 8.5 02:00 10:00 8.5 
6  02:00 08:00 6 00:00 08:30 7.5 00:00 08:00 8 23:00 08:30 8 
7  00:00 08:00 8 00:30 08:00 7.5 23:00 07:00 8 23:00 08:00 9.5 
8  23:00 08:30 9.5 02:00 08:00 6 00:00 09:00 7 23:00 08:30 10 
9  23:00 07:00 8 23:00 09:30 9.5 00:00 08:00 8 22:00 08:00 8 
10  00:00 08:00 8 00:00 08:00 8 00:00 07:00 8 00:00 07:00 8 
12  22:00 07:30 7.5 22:00 08:00 8 00:00 10:00 10 02:00 10:00 8.5 
13  23:00 07:00 7 22:00 08:00 10 11:30 08:30 8.5 23:00 08:30 8 
14  23:00 08:30 9.5 02:00 08:00 6 00:00 08:00 8 23:00 08:00 8 
15  23:00 07:00 8 23:00 09:30 9.5 00:00 08:30 8.5 00:00 08:30 8.5 
16  23:00 07:00 9 23:00 08:00 9 00:00 08:00 8 00:00 08:30 8.5 
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APPENDIX D:  Supplementary Data 
Order effect of all participants and subgroups (good sleepers and bad sleepers) in Study 1. 
 
 
 
 
 
 
 
 
 
 
 
Order of stimulation N M ± SD t-value p-value d 
All tDCS before sham 14 tDCS = 75.9 ± 13.1 9.65 <.001 0.99 
  Sham = 61.6 ± 15.6    
All sham before tDCS 13 Sham = 63.4 ± 17.8 1.86 .08 0.42 
  tDCS = 70.2 ± 14.6    
Good sleepers tDCS before sham 7 tDCS = 82.3 ± 10.7 9.36 <.001 1.23 
  Sham = 67.7 ± 13.0    
Good sleepers sham before tDCS 7 Sham = 71.7 ± 13.0 1.17 .29 0.34 
  tDCS = 66.0 ± 20.2    
Bad sleepers tDCS before sham 7 tDCS = 69.4 ± 12.7 5.27 .001 0.95 
  Sham = 55.4 ± 16.4    
Bad sleepers sham before tDCS 6 Sham = 68.3 ± 17.3 1.35 .23 0.48 
  tDCS = 60.3 ± 16.0    
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a) All participants 
 
 
 
 
 
 
b) Good sleepers 
  
 
 
 
 
 
 
c) Bad Sleepers 
  
  
  
 
 
 
 
Order effect of performance in the word-list learning task in Study 1 in a) all participants and b) good 
sleepers and c) bad sleepers.
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APPENDIX E: List of Abbreviations   
AASM – American Academic of Sleep Medicine 
AD - Alzheimer’s disease 
AMPA - α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
ANOVA - Analysis of Variance 
BDNF - Brain-Derived Neurotrophic Factor 
CBTI - Cognitive Behavioural Therapy for Insomnia 
CCT - Cognitive Control Therapy 
CDC - Centre for Diseases Control and Prevention 
CLOCK - Circadian Locomotor Output Cycles Kaput 
DC - Direct Current 
DLPFC - Dorsolateral Prefrontal Cortex 
EEG - Electroencephalogram  
EHI - Edinburgh Handedness Inventory 
EMG - Electromyography  
EOG - Electrooculography  
EPSC - Excitatory Postsynaptic Current  
FDA - Food and Drug Administration 
GABA - Gamma-Aminobutyric Acid 
HADS - Hospital Anxiety and Depression Scale 
KSS - Karolinska Sleepiness Scale 
LTD - Long-term Depression 
LTP - Long-term Potentiation 
LDT - Laterodorsal Tegmental Nuclei 
MCI - Mild Cognitive Impairment 
MCTQ - Munich Chronotype Questionnaire 
MDD - Major Depressive Disorder 
MEQ - Morningness and Eveningness Questionnaires 
MRC - Medical Research Council 
NCSDR - National Commission on Sleep Disorders Research 
NIBS - Non-invasive Brain Stimulation 
NICE - National Institute for Health and Care Excellence  
NMDA - N-Methyl-D-aspartic acid or N-Methyl-D-aspartate i 
PER - Period Gene 
PAL - Paired-associate Learning 
PPT - Pedunculopontine  
PSG - Polysomnography 
PSQI - Pittsburgh Sleep Index Questionnaires 
REM - Rapid Eye Movement  
SCN - Suprachiasmatic Nucleus 
SDB - Sleep Disordered Breathing  
SOP - Standard Operating Procedures 
SWS - Slow Wave Sleep  
tDCS - Transcranial Direct Current Stimulation 
TMS - Transcranial Magnetic Stimulation 
TST - Total Sleep Time 
 319 
 
VLPO - Ventrolateral Preoptic Nucleus  
VSTM - Visual short-term memory task  
 
 
